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The light scalar mesons, discovered forty years ago, became a challenge for the naive quark- 
antiquark model from the outset. At present the nontrivial nature of these states is no longer 
denied practically anybody. We review a substantial contribution of the two-photon physics 
to understanding the nature of the light scalar mesons and new results for their two-photon 
production mechanisms, based on the analysis of current experimental data. 
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the same time the question on the nature of the light 
scalar mesons is major for understanding the mechanism 
of the chiral symmetry realization, arising from the con- 
finement, and hence for understanding the confinement 
itself. 

Hunting the light a and k mesons had begun in the six- 
ties already and a preliminary information on the light 
scalar mesons in Particle Data Group (PDG) Reviews 
had appeared at that time (see, for example, Rosenfeld 
et al, 1965, 1967; Barash-Schmidt et al, 1969). The 
theoretical ground for a search for scalar mesons was 
the linear a model (LSM) (Gell-Mann and Levy, 1960; 
Gell-Mann, 1964; Levy, 1967), which takes into account 
spontaneous breaking of chiral symmetry and contains 
pseudoscalar mesons as Goldstone bosons. The surpris- 
ing thing is that after ten years it has been made clear 
that LSM could be the low energy realization of QCD. 
At the end of the sixties and at the beginning of the 
seventies ( Rosenfeld et al, 1967; Barash-Schmidt et al, 
1969 ; Rittenberg et al, 1971; Lasinski et al, 1973) there 
were discovered the narrow light scalar resonances, the 
isovector ao(980) and isoscalar /o(980).^ 

As for the a and k mesons, long-standing unsuccess- 
ful attempts to prove their existence in a conclusive way 
entailed general disappointment and an information on 



I. INTRODUCTION 

The scalar channels in the region up to 1 GeV became a 
stumbling block of QCD because both perturbation the- 
ory and sum rules do not work in these channels. ^ At 
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^ The point is that, in contrast to classic vector channels, in 
this region there are not solitary resonances, i.e., scalar reso- 
nances, which are not accompanied by a large inseparable from 
resonance background. Particularly, in the case of the soli- 
tary oo(980) and /o(980) resonances, the resonance peaks in 
the 0— >7ao(980) ^-yirr] and (/> — > 7/0 (980) —> 77777 decays would 



be not observed at all because the differential probabilities of 
these decays vanish proportionally cubic function of a photon 
energy in a soft photon region for gauge invariance (Achasov and 
Ivanchenko, 1989; Achasov and Gubin, 2001; Achasov, 2003), see 
next Section. The principal role of the chiral background in the 
fate of the o-(600) resonance was demonstrated in the linear a 
model (Achasov and Shestakov, 1994a, 2007). The solitary reso- 
nance approximation is nothing more than an academic exercise 
in the light scalar meson case. 
^ In 1977 Jaffe noted that in the MIT bag model, which incor- 
porates confinement phenomenologically, there are light four- 
quark scalar states (Jaffe, 1977). He suggested also that ao(980) 
and /o(980) might be these states with symbolic structures: 
a+(980) = udss, a°(980) = {usus - dsds)/V2, (980) = duss, 
and /o(980) = {usus + dsds)/\/2. From that time ao(980) and 
fo (980) resonances came into beloved children of the light quark 
spectroscopy. 
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these states disappeared from PDG Reviews. One of 
principal reasons against the a and k mesons was the fact 
that both TTTT and -kK scattering phase shifts do not pass 
over 90° at putative resonance masses. Nevertheless, ex- 
perimental and theoretical investigation of processes, in 
which the a and /t states could reveal themselves, had 
been continued. 

Situation changes when we showed that in LSM there 
is a negative background phase in the tttt mr scattering 
amplitude (Achasov and Shestakov, 1994a) which hides 
the a meson with the result that the tttt scattering phase 
shift does not pass over 90° at putative resonance masses. 
It has been made clear that shielding wide lightest scalar 
mesons in chiral dynamics is very natural. This idea 
was picked up and triggered new wave of theoretical and 
experimental searches for the a and k mesons (see, for 
example, Sannino and Schechter, 1995; Tornqvist, 1995; 
Ishida. Ishida, Takahashi, Ishida, Takamatsu, and Tsuru, 
1996; Harada, Sannino, and Schechter, 1996; Black, Fari- 
borz, Sannino, and Schechter, 1998, 1999; Ishida, 2000). 
As a result the light a resonance, since 1996, and the 
light K resonance, since 2004, appeared in PDG Reviews. 

By now there is an impressive amount of data about 
the light scalar mesons (Amsler et ai, 2008; Spanier, 
Tornqvist, and Amsler, 2008). The nontrivial nature 
of these states is no longer denied practically any- 
body. In particular, there exist numerous evidences in 
favour of their four-quark structure. These evidences are 
widely covered in the literature (sec, for example, Mon- 
tanet, 1983, Achasov, Devyanin, and Shestakov, 1984a; 
Achasov and Ivanchenko, 1989; Achasov, 1990, 1998, 
1999, 2001, 2003a, 2003b, 2003c, 2004a, 2004b, 2006, 
2008a, 2008b; Achasov and Shestakov, 1991, 1999; Del- 
bourgo and Scadron, 1998; Godfrey and Napolitano, 
1999; Tuan, 2001, 2003; Close and Tornqvist, 2002; Al- 
ford and Jaffe, 2003; Jaffe and Wilczek, 2003; Amsler and 
Tornqvist, 2004; Maiani, Polosa, Piccinini, and Riqucr, 
2004; Jaffe, 2005, 2006; Kalashnikova, Kudryavtsev, 
Nefediev, Hanhart, and Haidenbauer, 2005; Achasov, 
Kisclcv, and Shestakov, 2006, 2008; Caprini, Colangclo, 
and Leutwyler, 2006; Bugg, 2006; Fariborz, Jora, and 
Schechter, 2006, 2008a, 2008b, 2009; Narison, 2006, 2008; 
Tornqvist, 2007; Klempt and Zaitsev, 2007; Maiani, 
Polosa, and Riqucr, 2007; Pennington, 2007a, 2007b; 
van Bevercn and Rupp, 2007; Bystritsky, Volkov, Ku- 
raev, Bartos, and M. Secansky, 2008; Leutwyler, 2008; 't 
Hooft, Isidori, Maiani, Polosa, and Riquer 2008; Ivashin, 
and Korchin, 2008; Ebert, D., R.N. Faustov, and V.O. 
Galkin, 2009). They are presented also in Sections II and 
III. 

One of them is the suppression of the Oo(980) and 
/o(980) resonances in the 77— >7r°ry and 77— > tttt re- 
actions, respectively, predicted in 1982 (Achasov, De- 
vyanin, and Shestakov, 1982a, 1982b) and confirmed by 
experiment (Amsler et al., 2008). The elucidations of 
the mechanisms of the cr(600), /o(980), and Oo(980) res- 
onance production in the 77 collision and their quark 
structure are intimately related. That is why the studies 



of the two-photon processes are the important part of the 
light scalar meson physics. 

Recently a qualitative leap had place in the experi- 
mental investigations of the 77 tttt processes (Mori et 
al, 2003; 2007a; 2007b; Uehara et al, 2008) that proved 
the theoretical expectations based on the four-quark na- 
ture of the light scalar mesons (Achasov, Devyanin, and 
Shestakov, 1982a, 1982b). The Belle Collaboration pub- 
lished the data on the cross sections for the 77^7r+7r~ 
(Mori et al, 2007a, 2007b) and 77 n°TT° (Uehara et al., 
2008) reactions, statistics of which are hundreds of times 
as large as statistics of all previous data. The Belle Col- 
laboration observed for the first time the clear signals of 
the /o(980) resonance in the both charge channels. The 
previous indications for the /o (980) production in the 77 
collisions (Marsiske et al.,1990; Boyer et al, 1990; Oest 
et al, 1990; Behrend et al, 1992; Bienlein et al, 1992) 
were rather indefinite. 

In the given paper there are presented the results of 
the investigation the mechanisms of the 77 tt+tt" and 
77 7r°7r° reactions (see Section III) based on the anal- 
ysis (Achasov and Shestakov, 2008a, 2008b) of the data 
Belle (Mori et al, 2007b; Uehara et al, 2008) and our 
previous investigations of the scalar meson physics in the 
77-collisions (Achasov, Devyanin, and Shestakov, 1982a, 
1982b, 1985; Achasov and Shestakov, 1988, 1992, 1994b, 
2005, 2007). We also briefly (sometimes critical) survey 
analyses of other authors. 

The joint analysis of the Belle high-statistics data 
on the 77^7r+7r^ and 77^7r°7r° reactions is pre- 
sented and the principal dynamical mechanisms of these 
processes are elucidated in the energy region up to 
1.5 GeV. It is shown that the direct coupling con- 
stants of the cr(600), /o(980), and ao(980)resonances 
with the 77 system are small with the result that 
their decays in the two photon are the four-quark 
transitions caused by the rescattcrings a tt+tt" — > 77, 
fo{980)^ K+K- and ao(980) ^ K+K- ^ 77 in 

contrast to the two-photon decays of the classic P wave 
tensor qq mesons 02(1320), /2(1270) and /2(1525), which 
are caused by the direct two-quark transitions qq 77 in 
the main. It is obtained the two-photon widths averaged 
over resonance mass distributions (r/n^^^)7r7r ~ 0.19 
keV, (Fao— 77)7rj; « 0.125 keV and (rcr^^-y),r7r » 0.45 
keV. In addition, the /2(1270)— ^77 width is obtained 
r/2^^^(m^J«3.8 keV. 

We attend also to the additional possibilities of the 
investigation of the ao(980) and /o(980) resonances in 
the 77^7r°?7 and jj^KK reactions, which are as yet 
little studied experimentally (see Section IV). 



II. SPECIAL PLACE OF THE LIGHT SCALAR MESONS 
IN THE MADRON WORLD, EVIDENCES OF THEIR 
FOUR-QUARK STRUCTURE 

Even a cursory examination of PDG Reviews gives an 
idea of the four-quark structure of the light scalar meson 
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nonet ^, a{600), k(800), ao(980), and /o(980), 
% ao/fo 

{«} {4 (1) 

inverted (Achasov and Shestakov, 1999) in comparison 
with the classical P wave qq tensor meson nonet /2(1270), 
a2(1320), ^^^(1420), and /2(1525) 

im im (2) 

or also in comparison with the classical S wave vector 
meson nonet p(770), w(782), i4:*(892), and ?i(1020).'* In 
the naive quark model such a nonet cannot be understood 
as the P wave qq nonet, but it can be easy understood 
as the S wave q^(f nonet, where cr(600) has no strange 
quarks, k(800) has the s quark, ao(980) and /o(980) have 
the ss pair. 

The scalar mesons ao(980) and /o(980), discovered 
about forty years ago, became the hard problem for the 
naive qq model from the outset. ^ Really, on the one hand 
the almost exact degeneration of the masses of the isovec- 
tor ao(980) and isoscalar /o(980) states revealed seem- 
ingly the structure a'^ (980) = ud, (980) = [uu - dd) /\/2, 
ag (980) = du and /o(980) = [uu + dd)l^/2 similar to the 
structure of the vector p and lo or tensor 02(1320) and 
/2(1270) mesons, but on the other hand, the strong cou- 
pling of the /o(980) with the KK channel as if suggested 



^ To be on the safe side, notice that the linear cr model does 
not contradict to non-qq nature of the low lying scalaxs because 
Quantum Fields can contain different virtual particles in different 

regions of virtuality. 

* In Eqs. (1) and (2) the mass and isotopic spin third component 
of states increase bottom-up and from left to right, respectively. 

^ Note here a series of important experiments of seventies in which 
the /o(980) and a()(980) resonances were investigated, Flatte et 
at (1972), Protopopescu et al. (1973), Hyams et al. (1973), 
Grayer et al (1974), Hyams et al. (1975), Gay et al. (1976), 
as well as a few theoretical analyses of scalar meson prop- 
erties relevant to this period, Morgan (1974), Flatte (1976), 
Martin, Ozmutlu, and Squires (1977), Petersen (1977), Jaffe 
(1977), Estabrooks (1979), Achasov, Devyanin, and Shestakov 
(1979). In the last-named paper there was theoretically discov- 
ered the fine threshold phenomenon of the ao(980) — /o(980) 
mixing which breaks the isotopic invariance (see also Achasov, 
Devyanin, and Shestakov, 1981b). Now a rebirth of interest in 
the ao(980) — /o(980) mixing takes place and there appear new 
suggestions on search for this phenomenon (see, for example, 
Achasov and Shestakov, 2004a, 2004b; Wu, Zhao, and Zou, 2007; 
Wu and Zou, 2008; and references in these papers) as well as the 
first indication for its manifestation in the /i(1285) — > 7r+7r~7r'^ 
decay, which was measured with the help of the VES detecor in 
Protvino (Dorofeev et al, 2007, 2008). 



a considerable part of the strange pair ss in the wave 
function of the /o(980). 

At the beginning of eighty it was demonstrated in a se- 
ries of papers (Achasov, Devyanin, and Shestakov, 1980a, 
1980b, 1981a, 1981b, 1981c, 1984a, 1984b) that data on 
the /o(980) and ao(980) resonances, available at that 
time, can be interpreted in favour of the q^cf model, 
i.e., can be explained by using coupling constants of the 
/o(980) and ao(980) states with pscudoscalar mesons su- 
perallowed by the Okubo-Zweig-Iizuka (OZI) rule as it 
is predicted by the q^q^ model. In particular, in these 
papers there were obtained and specified formulae for 
scalar resonance propagators with taking into account 
corrections for finite width in case of strong coupling 
with two-particle decay channels. Late on, these formu- 
lae were used in fitting data of a series of experiments 
on the /o(980) and ao(980) resonance production (see, 
for example, Achasov et al, 1998a, 1998b, 2000a, 2000b; 
Akhmetshin et al, 1999a, 1999b; Aloisio et al, 2000a, 
2000b; Dubrovin, 2003; Ambrosino et al, 2006, 2007a, 
2007b; Bonvicini et al, 2007; Cavoto, 2007; Mori et al, 
2007a, 2007b; Uehara et al, 2008; Bossi et al, 2008). Re- 
cently, it was shown that the above scalar resonance prop- 
agators satisfy the Kallen-Lehmann representation in the 
domain of coupling constants usually used (Achasov and 
Kiselcv, 2004). 

At the end of eighties it was shown that the study of the 
radiative decays (f) — > 700 — > 77777 and (j) — > 7/0 — > 77777 
can shed light on the problem of ao(980) and /o(980) 
mesons (Achasov and Ivanchenko, 1989). Over the next 
ten years before experiments (1998) the question was con- 
sidered from different points of viev (Bramon, Grau, and 
Panchcri, 1992; Close, Isgur, and Kumano, 1993; Lucio 
and Napsuciale, 1994; Achasov, 1995; Achasov and Gu- 
bin, 1997, 1998; Achasov, Gubin, and Shevchenko, 1997; 
Achasov, Gubin, and Solodov, 1997). 

Now these decays have been studied not only theo- 
retically but also experimentally with the help of the 
SND (Achasov et al, 1998a, 1998b, 2000a, 2000b) and 
CMD-2 (Akhmetshin et al, 1999a, 1999b) detectors at 
Budker Institute of Nuclear Physics in Novosibirsk and 
the KLOE detector at the DA$NE (^-factory in Pras- 
cati (Aloisio et al, 2002a, 2002b; Ambrosino et al, 2006, 
2007a, 2007b, 2009a, 2009b; Bini, 2008; Bossi et al, 
2008). These experimental data called into being a se- 
ries of investigations (Achasov and Gubin, 2001, Achasov 
2003a, 2003b, Achasov and Kiselcv 2003, 2006, 2007a) in 
which evidences for the four-quark nature of the /o(980) 
and ao(980) states were obtained. Note the clear qualita- 
tive one. The isovector ao (980) resonance is produced in 
the radiative (f) meson decay as intensively as the isoscalar 
77' (958) meson containing 66% of ss, responsible for 
the (p P:i ss ^ 7SS — > 777' (958) decay. In the two-quark 
model, a^{980) = {uu - dd)/V2, the (/> w ss ^ 7ao(980) 
decay should be suppressed by the OZI rule. So, ex- 
periment, probably, indicates for the presence of the ss 
pair in the isovector ao(980) state, i.e., for its four-quark 
nature. 
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Figure 1 The K+K~ loop model. 




Figure 2 The left and right plots illustrate the fit to the KLOE 
data for the Tr^r; and Tr'^Tr" mass spectra in the </>— »77r''r) (Aloisio 
at al., 2002a) and (j>—*^-K^'K^ (Aloisio at al., 2002b) decays, respec- 
tively. See for details Achasov and Kiselev, 2003, 2006, 2007a. 



When basing the experimental investigations 
(Achasov and Inanchcnko, 1989), it was suggested 
the kaon loop model (/>^ if+if" ^ 7ao(980) ^ 77r°?y 
and ^^K+i4'-^7/o(980)^77r7r, see Fig. 1. This 
model is used in the data treatment and is ratified by 
experiment, see Fig. 2, (Achasov et al, 1998a, 1998b, 
2000a, 2000b; Akhmctshin et al, 1999a, 1999b; Aloisio 
at al., 2002a, 2002b; Ambrosino et al, 2006, 2007a, 
2007b, 2009a, 2009b; Bossi et al, 2008; Di Micco, 2008; 
Shekhovtsova, Venanzoni, and Pancheri, 2009). 

The kaon loop model includes the new nontrivial 
threshold phenomenon, see Fig. 3. To describe the exper- 
imental mass distributions dBR{<p ^Rjab; m)/dm ~ 
\g{m)\^ijj{m) ^ the function |g((m)p ^ should be smooth 
at m < 0.99 GeV. But gauge invariance requires that 
g{m) is proportional to the photon energy w{m). Stop- 




m, GeV 

Figure 3 A new threshold phenomenon in — » K^K^^-yR 
decays. The universal in the K^K^ loop model function 
|g(m)p = |3ij(m)/g^^+^- P is drawn with the solid line. The 
contributions of the imaginary and real parts of gim) are drawn 
with the dashed and dotted lines, respectively. 



^ Here m is the invariant mass of the a&-state, R = ao(980) or 

/o(980), ab = iT°rj or n"iT'^. 

The function g{m) describes the (j> 'y[ao{m)/ fo{m)] transition 
vertex. 



ping the impetuous increase of the function {uj{in))^ at 
w (990 Me V) =29 MeV is the crucial point in the data de- 
scription. The K~^K^ loop model solves this problem in 
the elegant way, see Fig. 3, (Achasov and Gubin, 2001; 
Achasov, 2001, 2003a, 2003b). In truth this means that 
ao(980) and /o(980) resonances are seen in the radia- 
tive decays of <j) meson owing to the K~^K~ intermedi- 
ate state, otherwise the maxima in the spectra would be 
shifted to 900 McV. So the mechanism of the ao(980) 
and /o(980) mesons production in the (p radiative decays 
is established at a physical level of proof at least. 

Both real and imaginary parts of the <t> "fR ampli- 
tude are caused by the K~^K~ intermediate state. The 
imaginary part is caused by the real K~^K~ intermediate 
state while the real part is caused by the virtual com- 
pact K^K^ intermediate state, i.e., we are dealing here 
with the four-quark transition ( Achasov, 2001, 2003a, 
2003b). Needless to say, radiative four-quark transitions 
can happen between two qq states as well as between qq 
and q^q^ states but their intensities depend strongly on a 
type of the transitions. A radiative four-quark transition 
between two qq states requires creation and annihilation 
of an additional qq pair, i.e., such a transition is forbidden 
according to the OZI rule, while a radiative four-quark 
transition between qq and q'^q^ states requires only cre- 
ation of an additional qq pair, i.e., such a transition is 
allowed according to the OZI rule. The consideration 
of this question from the large Nc expansion standpoint 
supports a suppression of a radiative four-quark transi- 
tion between two qq states in comparison with a radia- 
tive four-quark transition between qq and q^if states. So, 
both intensity and mechanism of the ao(980) and /o(980) 
production in the radiative decays of the 0(1020) meson 
indicate for their four-quark nature. 

Note also that the absence of the decays J/tp ~^ 
7/o(980), J/t/j ao(980)/9, J/ip /o(980)w against 
a background of the rather intensive decays into the 
corresponding classical P wave tensor qq resonances 
J/i' ^ 7,/2(1270) (or even J/^ ^ 7/2(1525)), J/^ ^ 
a2(1320)p, J/tp /2(1270)cl^ intrigues against the P 
wave qq structure of the ao(980) and /o(980) states 
(Achasov, 1998, 2002, 2003c). 



III. LIGHT SCALARS IN THE LIGHT OF TWO-PHOTON 
COLLISIONS 

A. History of Investigations 

Experimental investigations of light scalar mesons in the 
77 — > 7r"'"7r^ , 77 — > tt'^tt'^ and 77 77^77 reactions with the 
e"'"e~-colliders began in eighties and have continued up 
to now. In first decade many groups, DM1, DMl/2, 
PLUTO, TASSO, CELLO, JADE, Crystal Ball, MARK 
II, DELCO, and TPC/27, took part in that. Only Crys- 
tal Ball and JADE could studied the tt^tt" and tt^tj chan- 
nels, the others (and JADE) the tt+tt" channel. For 
those who wish to read more widely in the contribution 
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Table I First conclusions on the /o(980) production in 
77-»-7r7r (see Field, 1981; Higler, 1981; Wedemeyer, 1981). 



Experiments 


Conclusions 


crystal liall 
CELLO 
JADE 
TASSO 

MARK II 


INo sigmncant /o^9oUJ 
Hint of /o(980) 
No evidence for /o(980) 
Good fit to data book values 
for /2(1270) includes /o(980) 
(3(T effect) 

No significant /o(980) signal 



of this impressive period in light scalar meson physics 
one can recommend the following reviews and papers: 

Field, 1981; Higlcr, 1981; Wcdcmcycr, 1981; Achasov, 
Devyanin, and Shestakov, 1982a, 1982b; Edwards at al, 
1982; Olsson, 1983; Mennessier, 1983; Kolanoski, 1984, 
1986, 1988; Cordicr, 1984; Erne, 1984; Barnes, 1985, 
1992; Kaloshin and Serebryakov, 1986; Antreasyan at 
al., 1986; Johnson, 1986; Poppe, 1986; Berger and Wag- 
ner, 1987; Kolanoski and Zerwas, 1987; Morgan and Pen- 
nington, 1987, 1988; Achasov and Shestakov, 1985, 1988, 
1991; Chanowitz, 1988; Hikasa et al, 1992; Morgan, Pen- 
nington, and Whallcy, 1994. 

First results on the /o(980) resonance production are 
collected in Tables I and II. 

It is reasonable^ that first conclusions had a qualita- 
tive character and data on the /o(980) 77 decay width 
had large errors or were upper bounds. Note as a guide 
that the TASSO and Crystal Ball results, see Table II, 
based on the integral luminosity equals to 9.24 pb^^ and 
21 pb"""^ respectively. 

As for the ao(980) resonance, it was observed in the 
77 7r"?7 reaction only in two experiments. The Crys- 
tal Ball group (Antreasyan at al, 1986) collected dur- 
ing two years the integral luminosity of llOpb"^, se- 
lected at that 336 events relevant to the 77— >7r°r? re- 
action in the ao(980) and 02 (1320) region, see Fig. 
4, and obtained the following result F 



ao— *77 — (0.19 lb 

Omtol°)/B{ao 7r°r?) keV (about its prehistory see Ed- 
wards at al, 1982; Cordier, 1985; Erne, 1985). After, 
the JADE group (Oest et al, 1990, see also Kolanoski, 
1988) obtained F„o_^^ = (0.28±0.04±0.10)/S(ao^ 7r°7?) 
keV based on the integral luminosity 149 pb~^ and 291 
77^7r'^?7 events. The Crystal Ball and JADE data on 
the ao(980)^ 77 decay have aroused keen interest (see, 
for example, Kolanoski, 1986, 1988, 1991; Berger and 
Wagner, 1987; Kolanoski and Zerwas, 1987; Achasov 
and Shestakov, 1988; Chanowitz, 1988; Barnes, 1992; 
Hikasa, et al. 1992). Late on, need for high-statistic data 
arose. But up to now there are no new experiments on 
the 77^7r'^?7 reaction. According to PDG, see Hikasa 
et al. (1992) — Amsler et al. (2008), average value for 
r„„^^^ = (0.24t°;f )/B(ao ^ tt^) keV. 

The JADE group (Oest et al, 1990) measured also 
the 77^7r''7r° cross section and having (60± 8)-events 



Table II First results on the 77 width of the /o(980) (see 
Field, 1981; Higler, 1981; Edwards at al, 1982; Olsson, 1983; 
Kolanoski, 1984, 1988). 



Experiments 


Tf^^^^ [keV] 


TASSO 
Crystal Ball 
JADE 

Kolanoski, 1988 


(1.3 ± 0.4 ± 0.6)/B(/o ^ Tv+n~) 

< 0.8/B(/o ^ tttt) (95% C.L.) 

< 0.8 (95% C.L.) 
Average value: 0.27 ±0.12 
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Figure 4 Cross section for 77 tt"?; as function of the invariant 
mass y/s of TT^rj. The data are from the Crista! Ball Collaboration 
(Antreasyan at al., 1986). 



in the /o(980) region^ obtained for the /o— >77 decay 
width r/„^^^ = (0.42 ± 0.061!^ ';'^) keV (that corresponds 
to F/„^^^ < 0.6 keV at 95% C.L.). 

In addition, in 1990 the MARK II group in experiment 
on the 77 7r+7r~ reaction with the integral luminos- 
ity 209 pb"^ (Boyer et al., 1990) and the Crystal BaU 
group in 1990-1992 in experiments on the 77 — > 7r°7r° re- 
action with the integral luminosities 255 pb~^ (Karch, 
1991; Bienlein, 1992) and 97 pb"! (Marsiske et al., 1990) 
obtained also similar results for Tj^^^y^. All data are 
listed together in Table III, and Figs. 5(a) and 5(b) il- 
lustrate the manifestations of the /o(980) and /2(1270) 
resonances observed by MARK II and Crystal Ball in the 
cross sections of the 77 tttt reactions. 

Although the statistical significance of the /o(980) sig- 



Table HI 1990 1992 data on the 77 width of the /()(980) (see 
the text). 



Experiments 


[keV] 


Crystal Ball (1990) 
MARK II (1990) 
JADE (1990) 
Karch, 1991 
Bienlein, 1992 


0.31±0.14±0.09 
0.29 ±0.07 ±0.12 
0.42 ±0.061°;?^ 
0.25 ±0.10 
0.20 ±0.07 ±0.04 
<0.31 (90% C.L.) 



* Compare with (2177 ±47) events which the JADA group had in 
the /2(1270) region. 
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Figure 5 Cross sections for 77— »7r+-;r~ (a) and 77— ♦tt^tt" (b) as 
functions of tlic invariant mass \/s of tttt. The data correspond to 
limited angular ranges of the registration of the final pions; 6 is 
the polar angle of the produced n meson in the 77 center-of-mass 
system. 



nal in the cross sections and the invariant tttt mass reso- 
lution left much to be desired, the existence of a shoulder 
in the /o(980) resonance region in the 77Collision might 
be thought as established, see Fig. 5. 

The experiments of eighties and beginning of nineties 
showed that the two-photon widths of the scalar fo (980) 
and ao(980) resonances arc small in comparison with the 
two-photon widths of the tensor /2(1270) and 02 (1320) 
resonances, for which there were obtained the following 
values r f^^-y-y « 2.6 — 3 keV (Marsiske et al., 1990; Boyer 
et al., 1990; Ocst et ai, 1990; Behrend et al, 1992; see 
also Amsler et al., 2008) and Ta2^j'y ~ (Antreasyan 
at al., 1986; Oest et al, 1990; see also Amsler et al, 2008). 
This fact pointed to the four-quark nature of the fo (980) 
and ao(980) states (Antreasyan at al, 1986; Kolanoski, 
1986; 1988; 1991; Barnes, 1985, 1992; Berger and Wag- 
ner, 1987; Kolanoski and Zerwas, 1987; Chanowitz, 1988; 
Cahn, 1989; Marsiske et al, 1990; Oest et al., 1990; 
Feindt and Harjes, 1990; Hikasa, et al., 1992). 

As mentioned above, in the beginning of eighties it was 
predicted (Achasov, Devyanin, and Shestakov, 1982a, 



1982b) that, if the ao(980) and /o(980) mesons are taken 
as a four-quark states from the lightest nonet of the MIT- 
bag (Jaffc, 1977), their production rates should be sup- 
pressed in photon-photon collisions by a factor ten in 
relation to the oo(980) and /o(980) mesons taken as two- 
quark P wave states. The estimates obtained for the 
four-quark model were (Achasov, Devyanin, and Shes- 
takov, 1982a, 1982b) 



r 

^ an— ►t 



0.27 keV, 



(3) 



which were supported by experiments. As for the qq 
model, it predicted that 



■ 0++- 



>77 



/r2++^j^ = (15/4) • corrections w 1.3 — 5.5 

(4) 

for P wave states with J-^*^ = 0"'""'" and 2++ from the same 
family (see, for example, Berger and Feld, 1973; Barbieri, 
Gatto, and Kogerler, 1976; Jackson, 1976; Budnev and 
Kaloshin, 1979; Barnes, 1985, 1992; Achasov and Shes- 
takov, 1988, Chanowitz, 1988; Marsiske et al., 1990; Mor- 
gan and Pennington, 1990; Li, Close, and Barnes, 1991; 
Kolanoski, 1991; Munz, 1996; Achasov, 1998). This sug- 
gested that Tfg^jj > 3.4 keV and Tao^-yj > 1.3 keV. 

One dwells else on predictions of the molecule model 
in which the ao(980) and /o(980) resonances are non- 
relativistic bound states of the KK system (Weinstcin 
and Isgur, 1982, 1990). As the q'^q-^ model, the molecule 
one explains the state mass degeneracy, their strong 
coupling with the KK channel. As in the four-quark 
model, in the molecular one no questions arise with the 
small rates B[J/tp ao{980)p]/ B[J/ip a2{132Q)p\ and 
B[J/^ /o(980)w]/S[J/V'^ /2(1270)a;] (see specialities 
in Achasov, 1998, 2002). However, the predictions of this 
model for the two-photon widths (Barnes, 1985, 1992), 



■ ao(ifif)— >77 



0.6 keV, 



(5) 



are rather big, within two standard deviations contradict 
the experiment data from Table III. More than that, the 
widths of KK molecules must be smaller (strictly speak- 
ing, much smaller) than the hinging energy e « 10 MeV. 
Recent data (Amsler et al, 2008), however, contradict 
this, Fao ~ (50-100) MeV and r/„ - (40-100) MeV. The 
KK molecule model predicted also (Achasov and Gu- 
bin, 1997; Achasov, Gubin, and Shevchenko, 1997) that 
B[(;i^7ao(980)]RiB[?i^7/o(980)]~10-5 that contra- 
dicts experiment (Amsler et al., 2008). In addition, 
recently (Achasov and Kiselev, 2007b, 2008) it was 
shown that the kaon loop model, ratified by experi- 
ment, describes production of a compact state and not 
an extended molecule. Finally, experiments in which 
the ao(980) and /o(980) mesons were produced in the 
ir~p^iT°r]n (Dzierba, 1995; Aide et al., 1999) and 
7r-p^7r°7r°n (Aide et al, 1995, 1998; Gunter et al., 
2001) reactions within a broad range of four- momentum 
transfer squares, 0<—t<l GeV^, have shown that these 
states are compact, e.g. as two-quark p and other mesons 
and not as extended molecule ones with form factors de- 
termined by the wave functions. These experiments have 
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left no chances for the iiTii'-molccule model. As to four- 
quark states, they are as compact as two-quark states 
9 

Particle Data Group gives information on an aver- 
age value of Tfg^^^ beginning from 1992. Note that 
no new experimental data on r/^_>^-y emerged from 
1992 up to 2006, nevertheless, its average value, ad- 
duced by PDG, evolved noticeably in this period. Based 



on the data in Table III, the T 



value would be 



(0.26 ± 0.08) keV. In 1992 PDG obtained the average 
value r/o^^^ = (0.56 ± 0.11) keV (Hikasa et al, 1992) 
combining the JADA (1990) result, sec Table III, with 
the value F/^^^-y = (0.63±0.14) keV, which was found by 
Morgan and Pennington (1990) as a result of a the- 
oretical analysis of the MARK II (1990) and Crystal 
Ball (1990) data. In 1999 Boglione and Pennington car- 
ried out a new theoretical analysis of the situation and 
halved value, F/o^-y^ = (0.28 to.is) keV (see also Pen- 
nington, 1999). Particle Data Group noted that the 
Boglione and Pennington (1999) result replaces the Mor- 
gan and Pennington (1990) one but used both results 
coupled with the JADE (1990) one for calculation of 
the average /o 77 decay width. In this way the value 
r/(,^^7 = (0.39 ;^:i^)keV emerged in the PDG Review 
(Groom et al., 2000). 

In 2003 a preliminary super-statistics Belle data on 
77 t:^'k~ were reported. They contain the clear sig- 
nal of the /o(980) resonance (Mori et al, 2003). In 
2005 there emerged our first response (Achasov and Shes- 
takov, 2005) to these data in which the average over the 
TTTT resonance region < F/^^-y-y >7r7r~ 0.27 keV was ob- 
tained . It has become clear that F/g^-y^ is bound to 
be small. In 2006 PDG excluded the Morgan and Pen- 
nington (1990) result, F/„^^y (0.63 ± 0.14) keV, from 
its sample and using only the JADE (1990) data and 
the Boglione and Pennington (1999) result obtained a 
new guide F/„^,/y = (0.31 tj^;"^) keV (Yao et al, 2006). 
To the effect that happened later to the average value 
T fg-,^y and can else happens to the one, we are going to 
tell in the following subsections. 



B. Current Experimental Situation 

In 2007 the Belle collaboration published the data on 

cross section of the 77— >7r+7r~ reaction in the region of 
the TT+TT^ invariant mass, -y/s, from 0.8 up 1.5 GeV based 
on the integral luminosity 85.9 fb~^ (Mori et al., 2007a, 
2007b). These data are shown on Fig. 6. Thanks to the 
huge statistics and high energy resolution in the Belle ex- 



® A KK formation of unknown origin with tlie relativistic aver- 
age Euclidean momentum square < fc^ >Ri 2 GeV^ was con- 
sidered recently and named "a KK molecule" (Branz, Gutsche, 
Lyubovitskij , 2008). Such a free use of the molecule term can 
mislead readers considering a molecule as an extent nonrelativis- 
tic bound system. 
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Figure 6 (a) The high statistics Belle data on the 77^7r+7r^ 
reaction cross section for | cos d\ < 0.6 (Mori et al., 2007b). Plot (b) 
emphasizes the region of the /o(980) peak. Errors shown include 
statistics only. They are approximately equal to 0.5%-1.5%. The 
y/s bin size in the Belle experiment has been chosen to be 5 MeV, 
with the mass resolution of about 2 MeV. 



Tabic IV The current data on the 77 width of the /o(980). 



Experiments 


r/0-77 [kcV] 


Belle (Mori et al, 2007a), •yy^n+n' 
PDG (2008) average value 


n onc+O.OSS+O.WT 
'-'•^"^-0.083-0.117 

"•''^-0.09 


Belle (Uehara et al, 2008), 77^7r°7r° 


0.286 ± 0.017lo;o7o 



periment, the clear signal of the /o(980)-resonance was 
detected for the first time. Its value proved to be small 
that agrees qualitatively with the four-quark model pre- 
diction (Achasov and Shestakov, 1982a, 1982b). The visi- 
ble height of the /o(980)-peak amounts about 15 nb above 
a smooth background about 100 nb. Its visible (effective) 
width proved to be about 30-35 MeV, see Fig. 6. 

Then the Belle collaboration published the data on 
cross section for the 77 tt'^tt" reaction in the region 
of the TT+TT^ invariant mass, ^/s, from 0.6 to 1.6 GeV 
based on the integral luminosity 95fb~^ (Uehara et al, 
2008; see also Abe et al, 2007; Nakazawa et al, 2008; 
Adachi et al, 2008). Here also the clear signal of the 
/o(980) resonance was detected for the first time. Note 
that the background conditions for the manifestation of 
the /o(980) in the 77 — > tt'^tt'^ channel are more favourable 
than in the ^ tt'^tt^ one. 

Figures 7(a) and 7(b) illustrate a general picture of 
data on the cross sections of the tt+tt" and Tr^Tr*^ produc- 
tion in the photon-photon collisions from the tttt thresh- 
old up to 1.5 GeV after the Belle experiments. It is in- 
structive to compare with a previous picture illustrated 
by Figs. 5(a) and 5(b). 

The current information about Tf^^jj are adduced 
in Table IV. The Belle collaboration determined F/^^y-y 
(see Table IV) as a result of fitting the mass distributions 
(see Figs. 6(b) and 7(b)) taking into account the /o(980) 
and 72(1270) contributions and smooth backgrotmd con- 
tributions, which play the important part in fitting and 
are a source of large systematic errors in Tf^^^j (see de- 
tails in the papers Mori et al, 2007a and Uehara et al, 
2008). 
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Figure 7 (a) The data on the 77 tt+tt reaction cross section 
from Mark II (Marsiske et al, 1990) and CELLO (Behrend et ai, 
1992), for ^ < 0.85 GeV, and from Belle (Mori et al, 2007b), for 
0.8 < < 1.5 GeV. (b) The data on the 77 — ► tt^tt^ reaction cross 
section from Crystal Ball (Boyer et al, 1990), for < 0.8 GeV, 
and from Belle (Uehara et al, 2008), for 0.8 < < 1.5 GeV. 
Plots (a), for > 0.85 GeV, and (b), for ^ > 0.8 GeV, show 
exclusively the Belle data to emphasize the discovered miniature 
signals from the /o{980) resonance. The theoretical curves, shown 
on plot (a), correspond to the pure Born cross sections for the 
process 77 — > tt+tt^ for |cos6| < 0.6: the total integrated cross 
section 0-'^°' " = (t^°' " + cr^™" and the integrated cross sections 
o-Bo™ with helicity A = and 2. 



VW\Ar-' — 





Figure 8 The Born diagrams for 77 ^ 7r+ tt . 

C. Dynamics of the Reactions 77 tttt 

1. Born Contributions and Angular Distributions 

To feel the values of the cross sections measured by ex- 
periment, in Fig. 7(a) the total Born cross section of the 



Born . 



^Born 



77— >7r ' TT process, cr"""' = ctq + cr^"'", and the par- 
tial helicity ones, cr^°'^", are adduced as a guide, where 
A = or 2 is the absolute value of the photon helicity dif- 
ference. These cross sections are caused by the point-like 
one-pion exchange, see Fig. 8. 

By the Low theorem and chiral symmetry the 
Born contributions should dominate near the threshold 
region of the 77 ^ 7r"'"7r~-reaction. As shown in Fig. 7(a), 
this anticipation does not contradict the current data 
near threshold, but, certainly, errors leave much to be 
desired. In additional, one can consider the Born contri- 



According to this theorem (Low, 1954: 
berger, 1954; Abarbanel and Goldberger 



Gell-Mann and Gold- 
1968), the Born contri- 
butions give the exact physical amplitude of the crossing reaction 



777-' 



■ 77r 



^ close to its threshold. 



Chiral symmetry 
low energy 



marantees weakness of the tttt interaction at 



Figure 9 Plots (a) and (b) show the 77— +7r+7r^ differential cross 
section in the Born approximation, i.e., in the point-like one-pion 
exchange approximation, and its components for different values of 
y/s/GeV. The vertical straight line |cosS| = 0.6 shows the upper 
boundary of the region available for measurements. 



butions as an reasonable approximation of background 
(non-resonance) contributions in the 77 —^ tt'^tt^ ampli- 
tudes in all the resonance region, including the /2(1270) 
one. The Born contributions are also the base for a con- 
struction of amplitudes, including strong interactions in 
final state (see, for example, Mennessier, 1983; Lyth, 
1984, 1985; Johnson, 1986; Morgan and Pennington, 
1987, 1988, 1991; Bijnens and Cornet, 1988; Donoghue, 
Holstein, and Lin, 1988; Donoghue and Holstein, 1993; 
Oiler and Oset, 1997; Achasov and Shestakov, 2005, 
2007; Pennington, 2006). 

The Born contributions have the following particular 
qualities. First, 0-^°™ has a maximum at y/s ~ 0.3 GeV, 
where a^°"' w cr^°™ , then crj;^°™ falls with increasing 
^/s, SO that the erf "''^ contribution dominates in a^°™ 
at y/s > 0.5 GeV, see Fig. 7(a). Second, although the 
^Boin jg approximately 80 percent caused by the 

D wave amplitude, its interference with the contribution 
of higher waves are considerable in the differential cross 



section (i(T^°''"(77^7r+7r~)/(i| cos9\, compare Figs. 9(a) 
and 9(b). The interference, destructive in the first half of 
the I cos9\ < 0.6 interval and constructive in the second 
one, fiattens out the 9 angle distribution in this interval, 
so that this effect increases with increasing y/s, see Fig. 
9(a). 

Since the first resonance with I'^{J^'~^) — 0+(4++) has 
the mass near 2 GeV (Amsler et al, 2008), then seem- 
ingly the S and D wave contributions only should dom- 
inate at y/s < 1.5 GeV and the differential cross section 
of the 77— )-7r+7r^ process could be represented as (Mori 
et al, 2007b) 



dcr(77 ^ 7r+7r-)/dO ^ \S + DaY^\'^ 



\D,Y^\\ 



(6) 



where S and {D2) are the S and D wave amplitudes 
with the helicity A = (2), YJ" are the spherical harmon- 
ics. But, the above discussion shows that the smooth 



Eq. (6) corresponds the situation "untagget" when the depen- 



9 




IC0S6I Icosei IcosSl 

Figure 10 The Belle data on the angular distributions for 
77^7r*'7r'' (Uehara et al, 2008). The solid lines are the approx- 
imations. The vertical straight line |cos6| = 0.8 shows the upper 
boundary of the region available for measurements. 

background contribution in the 77— » 7r"'"7r~-cross section 
contains the high partial wave due to the one-pion ex- 
change, so that the smooth background can imitate the 
large S wave at | cos 9\ < 0.6. 

The onc-pion exchange is absent in the 77^7r*'7r*' 
channel and the representation of the cross section of 
this reaction similar to Eq. (6) is a good approximation 
at ^ < 1.5 GeV 

da(77 ^ 7r%°)/df2 = \S + DoY^f + paFaY , (7) 

where S and Dq {D2) are the S and D wave amplitudes 
with the helicity A = (2). Nevertheless, the partial wave 
analysis of the 77 — » 7r°7r° events, based on Eq. (7) , is not 
prevented from difficulties for the relation V6|y2^| = Y2 - 
Fo°/\/5, which gives no way of separating the partial 
waves when using only the data on the differential cross 
section (Oest et al, 1990; Mori et al, 2007b; Uehara et 
al, 2008). So, the separation of the contributions with 
the different helicities requests some guesswork, for ex- 
ample, the domination of the helicity 2 in the /2(1270) 
resonance production (Krammer and Krascmann, 1978; 
Krammer, 1978; Krasemann and Vermaseren, 1981; Li, 
Close, and Barnes, 1991) that agrees rather well with the 
experimental angle distribution. 

The da{'-)^ ^ TT^) / <Kl differential cross section in Eq. 
(7) is a polynomial of the second power of 2: = cos^ 9, 
which can be expressed in terms of its roots zi and , 

rfo-(77 ^ 7r°7r°)/df2 = C{z - zi){z - z^) , (8) 

where C is a real quantity. So, from fitting experimental 
data on the differential cross section one can determine 
only three independent parameters, for example, C, Re^i 
and Imzi up to the sign and not four ones, \S\, \Dq\, \D2\ 
and cos 5 {5 is a relative phase between the S and Dq 
amplitudes), as one would like. 



dence on the pion azimuth is not measured, that took place in 
all above experiments. 

Such a procedure is the base of the determination all solutions 
when carrying out partial wave analysises, see, for example, Ger- 
sten (1969), Barrelet (1972), Petersen (1977), Aide et al. (1998, 
1999), Sadovsky (1999), Gunter et al. (2001). 



In Fig. 10 the Belle data on the anglular distributions in 
77 tt^tt" are adduced at three value of y^. All of them 
are described very well by the simple two-parameter ex- 
pression |ap-|-|6F2^p (Achasov and Shestakov, 2008b). 
This suggests that the 77^7r°7r° cross section is satu- 
rated only by the S and D2 partial wave contributions 
at < 1.5 GeV. 



2. Production Mechanisms of Scalar Resonances 

Expectation of the Belle data and their advent have 
called into being a whole series of theoretical papers 
which study dynamics of the /o(980) and (j(600) pro- 
duction in the 77 tit: processes by various means and 
discuss the nature of these states (Achasov and Shes- 
takov, 2005, 2007, 2008a, 2008b; Pennington, 2006, 
2007a, 2007b, 2007c, 2008; Pennington, Mori, Uehara, 
and Watanabe, 2008; Mennessier, Minkowski, Narison, 
and Ochs, 2007; Oiler, Roca, and Schat, 2008; Oiler 
and Roca, 2008; Mennessier, Narison, and Ochs, 2008a, 
2008b; Achasov, Kiselev, and Shestakov, 2008; Achasov, 
2008; Mennessier, 2008; Narison, 2008; van Beveren, 
Kleefeld, and Rupp, 2008; Kahnovsky and Volkov, 2008; 
Mao, Wang, Zhang, Zheng, and Zhou, 2009). 

The main lesson from the analysis of the production 
mechanisms of the light scalars in the 77-collisions is the 
following (Achasov, 2008a, 2008b). The classical P wave 
tensor ggmesons /2(1270), a2(1320) and /2(1525) are pro- 
duced in the 77 collisions due to the direct jj^qq 
transitions in the main, whereas the light scalar mesons 
cr(600), /o(980), and 0,0 (980) are produced by the rescat- 
terings 77 tt+tt^ ^ ct, 77 ^ K^K~ /o, and 
77 K^K~ ao, i.e., due to the four quark transi- 
tions. As to the direct transitions 77 cr, ^ fo, 
and 77 ao, they are negligible, as it is expected in 
four-quark model. 

This conclusion introduces a new seminal view of the 
77 — > TTTT reaction dynamics at low energy. Let us dwell 
on this point. 

Recall elementary ideas of interactions of C even 
mesons with photons based on the quark model 
(Kolanoski, 1984, 1988; Kolanoski and Zerwas, 1987; 
Amsler et al, 2008). Couphng of the 77-system with 
the classical qq states, to which the light pseudoscalar 
{J^^ = '") and tensor (2++) mesons belong, are pro- 
portional to four power of charges of constituent quarks. 

Only the width of the tt" 77 decay is evaluated from 
the first principles (Adler, 1969; Bell and Jackiw, 1969; 
Bardeen, Fritzsch, and Gell-Mann, 1972; Leutwyler, 
1998). determined completely by the Adler- 

Bell-Jackiw axial anomaly and in this case the theory 
(QCD) is in excellent agreement with the experiment 
(loffe and Ogancsian, 2007; Bernstein, 2007). The re- 
lations between the widths of the 7r° 77, r] — > 77, and 
r/'— >77 decays are obtained in the qq model with tak- 
ing into account the effects of the r] — rj' mixing and the 
SU{3) symmetry breaking (Kolanoski and Zerwas, 1987; 
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Leutwylcr, 1998; Fcldmann, 2000). 

As for the tensor mesons, in the ideal mixing case, i.e., 
if /2 = {uu + dd)/\/2 and /2 = ss, the quark model 
predicts the following relations for the coupling constant 
squares: 

9h,--9l,j--9%,, = 25:9:2. (9) 

Though absolute values of the two-photon widths of the 
tensor meson decays cannot be obtained from the first 
principles (Berger and Feld, 1973; Babcock and Rosner, 
1976; Budncv and Kaloshin, 1979; Bcrgcr, 1980; Ros- 
ner, 1981; Kolanoski, 1984; Berger and Wagner, 1987; 
Kolanoski and Zerwas, 1987; see also references herein), 
the qq model prediction (9) , underlying the relations be- 
tween the widths of the /2(1270) — > 77, 02(1320)^77, 
and /2(1525)^77 decays, are used with taking into 
account the effects of a deviation from the ideal mix- 
ing and the SU{3) symmetry breaking (Kolanoski, 1984; 
Poppe, 1986; Kolanoski and Zerwas, 1987; Albrecht 
et a/., 1990; Li, Yu, and Shen, 2001; Amsler et al, 
2008). Roughly speaking, the qq model prediction (9) 
is borne out by experiment. As for the practically 
model-independent prediction of the qq model fifj^^^ : 
f 0277 = 25 : 9, this agrees with experiment rather 
well (Amsler, 2008). This implies that the final state 
interaction effects are small, in particular, the contribu- 
tions of the /2(1270) — > TT+TT" — > 77 rescattering type are 
small in comparison with the contributions of the direct 
^^(2++) 77 transitions. 

The observed smallness of the ao(980) and /o(980) 
meson two-photon widths in comparison with the two- 
photon tensor meson ones and thus the failure of the 
qq model prediction of the relation (4) between the 
widths of the direct 0++ and 2++ 77 transitions 
point to that ao(980) and /o(980) are not the quark 
and antiquark bound states. If the qq component 
is practically absent in the wave functions of the light 
scalars and in their q^if component the white neu- 
tral meson pairs are practically absent too, as in the 
MIT-bag model, then the cr(600)^77, /o(980)^77, 
and ao(980) — >77-decays could be the four-quark tran- 
sitions caused by the rescatterings (7(600) tt^'it~ 77, 
/o (980) ^ if+iiT" ^ 77 (Achasov, Devyanin, and Shes- 
takov, 1982a, 1982b), and oq (980) ^ isT+isr- ^ 77. Al- 
ready in 1998 we considered such a scenario extensively 
(Achasov and Shestakov, 1988) analyzing the Crystal 
Ball data (Antreasyan et al, 1986) on the ao(980) res- 
onance production in the 77^77° 77 reaction. Fifteen 
years later, when the preliminary high statics Belle data 



The deviation from the ideal /2(1270)— /j (1525) mixing increases 
9/277 ^^^^ than 3% and the small difference of the /2(1270) 
and 02(1320) masses allows to expect for its small effect also. 
Evaluations, see below, show such is indeed the case. 
As to the ideal qq model prediction 9^^^^ '■ flao77 = 25 : 9, this 
excluded by experiment also. 



(Mori et al, 2003) on the /o(980) resonance production 
in the 77^77+77^ reaction were reported, we studied 
what role the rescattering mechanisms, in particular, the 
77— > if+iir" ^ /o(980) ^ 7r+7r~ mechanism, could play 
in this process (Achasov and Shestakov, 2005). As a re- 
sult we showed that just this mechanism gives a reason- 
able scale of the /o(980) manifestation in the 77 tt+tt" 
and 77 TT^TT^ cross sections. 

Then in the SU{2)l x SU (2)^ linear a model frame we 
showed that the a field are described by its four-quark 
component at least in the energy (virtuality) region of the 
(7 resonance and the (t(600) meson decay into 77 is the 
four-quark transition (t(600) tt+tt" 77 (Achasov and 
Shestakov, 2007). We also emphasized that the a meson 
contribution in the 77 tttt amplitudes is shielded due 
to its strong destructive interference with the background 
contributions as in the tttt— s- tttt amplitudes, i.e., the a 
meson is produced in the 77 collisions accompanied by 
the great chiral background due to the rescattering mech- 
anism 77 — » TT+TT" ^ {a + background) tttt. ^"^ 

The above considerations about dynamics of the 
ct(600), /o(980), and /2(1270) resonance production were 
developed in analyzing the final high-statistics Belle 
data (Achasov and Shestakov, 2008a, 2008b) on the 
77 — > TT+TT" and 77 — > 7r°7r° reactions, to a discussion of 
which we proceed. 



D. Analysis of the New High-Statistics Belle Data 

As noted above, the S and I?a=2 partial wave contribu- 
tions dominate in the Born cross sections a^°"^ and cr^"''" 
respectively in region of interest, y/s < 1.5 GeV, and the 
WW interaction is strong also in the S and D waves only 
in this region, that is why the final state strong interac- 
tion modifies these Born contribution in 77— ^tt+tt" es- 
sentially. In addition, the inelastic 77 — > K~^K~ — > ww 



If it were not for the chiral shielding the 77— +7r''7r'' cross 
section near the threshold would be Ri 100 nb due to the 
77 — > 7r+7r~ — » (T — > tt'^tt'^ transition (Achasov and Shestakov, 
2007) instead of ~ (5—10) nb experimentally observed, sec Fig. 
7(b). 

It is reliably established by experiment that the S and D wave 
contribution dominate in the rnr cross sections in the / = 
and 2 channels at y/s < 1.5 GcV (see, for example, data Pro- 
topopcscu et al, 1973; Hyams et al, 1973, 1975; Durusoy et al, 
1973; Hoogland et al, 1977; Petersen, 1977; Aide et al, 1995, 
1998; Gunter et al, 2001). The partial amplitudes tttt ^ tttt. 
Tj{s) = Wj{s)eM'^iS'j{s)] - l}/[2ip^+{s)] [where S'j{s) and 
Tij{s) are the phase and inelasticity of the J wave tttt scatter- 
ing in the channel with the isospin I; (s) = (1 — 4m^_,_ /s)^/^] 
with J = 0, 2 and 7 = reach their unitarity limits at some value 
of in the region of interest and demonstrate both the smooth 
energy dependence and the sharp resonance oscillations. The 
T2^(s) amplitude is dominated by the /2(1270) resonance contri- 
bution. The Tq (s) amplitude contains the o'()(600) and /o(980) 
resonance contributions. The (to(600) resonance contribution 
is compensated strongly by the chiral background near the nn 
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Figure 11 Diagrammatical representation of Eqs. (10) and (11) 
for amplitudes 77 — + tt+tt" . 



Figure 12 Diagrammatical representation of Eqs. (12) and (13) 
for amplitudes 77 tt^tt". 



rescattering plays the important role in the /o(980) res- 
onance region (for the first time this process was noted 
by Achasov, Devyanin, and Shestakov, 1982a, 1982b). 

So, we use the model of the helicity, M\, and partial, 
M\j, amplitudes of 77^7r7r in which the Born point- 
like TT^ and exchanges modified by the final strong 
interaction in the S and D2 waves and the direct tran- 
sitions of the resonances in two photons are taken into 
account, 

Mo (77^ 71+ 11^ ; 3,9) 
= M^°^'-{s, 9) + 7,+,- is) T,+,-_,+,- is) 
+Ik^k-{s)Tk^k—>.^.-{s) + M^^rHs), (10) 

-^2(77 — > TT+TT^; s, 9) 

= Mf°"\s, 9) + 8O7r(iio(0)M^^_/,(i27o)^.+.- 

Mo(77^^°7rO;s,0) 
= Moo(77 ~* 7r''7r°;s) = {s)T^+^- ^^o^q{s) 

+Ik+k- (s) Tk^k--,.o.o{s) + M^^rHs), (12) 

M2(77 ^ T^o^O; s, 9) = 5dlo{9)M22{l-/ ^ n'^n'^; s) 

= 80^dio(^)^77-/2(i270)^^"^«(s) (13) 



threshold to provide for the observed smallness of the tttt scatter- 
ing length ajj and the Adler zero in Tq'(s) at s (Achasov 
and Shestakov, 1994a, 2007; Achasov and Kiselev, 2006, 2007a). 
|T^(s)| reaches the unitary limit in the 0.85— 0.9 GeV region and 
has the narrow deep (practically up to zero) right under the KK 
threshold caused by the destructive interference of the /o(980) 
resonance contribution with the large smooth background. It is 
established also that the tttt scattering in the 7 = channel is 
elastic up to the KK channel threshold in the very good ap- 
proximation, but directly above this the inelasticity »?g(s) shows 
the sharp jump due to the production of the /o(980) resonance 
coupled strongly with the K Kchannel. 

See, in addition, Mennessier, 1983; Achasov and Shestakov, 1988, 
1992, 1994b, 2005, 2007, 2008a, 2008b; Achasov and Gubin, 
1998; Pennington, Mori, Uehara, and Watanabe, 2008; Oiler and 
Roca, 2008; Mennessier, Narison, and Ochs, 2008a. 



(here dio(^) = (V6/4) sin^ 9). 

The diagrams of the above amplitudes are adduced in 
Figs. 11 and 12. 

The first terms in the right sides of Eqs. (10) and 
(11) are the Born helicity amplitudes "fj—nT+TT~ 
corresponding the point-like one-pion exchange 
mechanism (see Fig. 8). Their explicit forms are 
adduced in Appendix A. The terms in Eqs. (10) 
and (12), containing the Tt^+^-_j^+j^~{s) — [2Tq{s) + 
T^{s)]/3, T,+,-_,o,o(s) = 2[TO(s) - r2(s)]/3, and 

TK + K-->Tr + Tr- (s) = Tk+ K - -tTzO^o (s) = T^^ + t,- _k + K - (s) 

amplitudes, take into account the final state strong 
interaction in the S wave. Eqs. (10) and (12) im- 
ply that Tjr+7r--*7r7r(s) ^ud Tj(+ j( - ^^^(s) in the 
loops, see Figs. 11 and 12, of the 77^ tt+tt^ ^ tttt 
and 77— > i^+iiT^ ^ TTTT rescatterings are on 
the mass shell, resulting in the It^+tt- (s) and 
Ik+k- (s) amplitudes of the triangle diagrams 
77 — > TT+vr^ ^ a scalar with the mass = ^/s and 
77 K+K~ a scalar with the mass = y/s. Their 
explicit forms are adduced in Appendixes A and C. The 
amplitude Mj^^^^™'=*(s) in Eqs. (10) and (12), caused by 
the direct couphng constants of ctq (600) and /o(980) 
with photons, and the /2(1270) production amplitude 

M^^_f^(^l270)^7T+7T' (s) = Af77^/2(1270)-7r«7ro(s) in EqS. 

(11) and (13) are specified below. 

Let us show by the example of the S-wave am- 
plitudes Moo(77 — > TT'^TT"; s) and Moo(77 — > tt'^tt^; s) 
that the unitary condition requirement or the Watson 
theorem (1952) about interaction in final state holds 
in the model under consideration. First of all note 
that the Air channel contribution is small and con- 
sequently T^+^-^K+K-{s)^e''^'>''''^T^+j,-^K+K-{s)\ 
and Ml^^^'^^'^s) =±e*''S(«)|M,'^4^°'=*(s)| at 4m2 <s<4m|- 
(Achasov and Shestakov, 2005, 2007, 2008a; Achasov 
and Kiselev, 2006, 2007a). Taking into account that 



The Born diagrams for 77 — > KK are the same ones which are 
in Fig. 8 but with replacing the pions by the kaons. The corre- 
sponding helicity amplitudes are in Appendix C. 



12 



(s)=p^+(s)MoB°™(s) one finds 
Moo(77 ^ TT+TT-; s) = Mo^o°™(s) 

= (for 2m„ < ^/s < 2mK) 
= le<^''^A{s) + \e<^'^B{s), 



(14) 



+7K+K-(s)rK+K-^.o.o(s) + M^f ^t(s) 

= (for 2m7r < \/s < 2mA:) 
= |e**SWA(s) - |e'*o(«)B(s), (15) 

where A(s) and B(s) the real functions. Eqs. (14) 
and (15) show that at one with the Watson theorem the 
phases of the S wave amplitudes 77 tttt with / = and 
2 coincide with the phases of the tttt scattering 5q{s) and 
(5q(.s), respectively, in the elastic region (below the KK 
threshold). 

We use the following notation and normalization 

(7(77 — > 7r+7r+; | cos^| < 0.6) = a = ao + (72, (16) 
(t(77 7r°7r°; | cosfill < 0.8) = a = ao + a2, (17) 



7r+7r-;s,6')prfcos6l, (18) 



'^A = '|i^/-o.6l^A(77 

= ^ /"as I^a(77 - ttOttO; a, ^)pdcose. (19) 

a\j and ctaj denote the corresponding partial cross sec- 
tions. 

Before fitting data it is helpful to center on a simplified 
(qualitative) scheme of their description. 

In Fig. 13(a) (from Achasov and Shestakov, 2008a) 
are adduced the theoretical curves for the cross section 
a = (To + af"™ and its components ctq and af°™ cor- 
responding to the simplest variant of the above model 
in which only the 5 wave Born amplitudes 77^7r+7r~ 
and 77 K~^K~ are modified by the pion and kaon final 
state strong interaction^^. This modification results in 
appearing the /o(980) resonance signal in uq, the value 
and shape of which agree very well with the Belle data, 
see Fig. 13(a). From comparing the corresponding curves 
in Figs. 13(a) and 7(a) it follows that the S wave con- 
tribution to cr(77 7r+7r~; I cos^l < 0.6) is small at 
> 0.5 GeV in any case. It is clear that the /2(1270) 
resonance contribution is the main element required for 



A{s) = MBorn^s) COS SO (s) + (s))Re[/,+„- {s)] sm50(s) - 

(3/2)/^+^- {s)|T^+ ;f (s)|±|Mdirect(,)| B{s)-- 



M^°^^{s) cos Sf,{s) + (l/p^+ W)Rc[7^+^-(s)]sm52(s). 
As for all higher partial waves with A = and 2, they are taken 
in the Born point-like approximation (Achasov and ShestaJcov, 
2005, 2008a). 
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Figure 13 Theoretical curves in plots (a) and (b) correspond to 
the simplest model which incorporates only the Born contributions 
77 — > 7r+7r~ and 77 — > K~^K~ modified for strong final-state inter- 
actions in the 5" wave. Plot (c) illustrates the description of the 
Belle data in the /o(980) region (see the text for details); (d) is a 
fragment of (c). 



the description of the Belle data on 77— >7r+7r~ in the 
y/s region from 0.8 up to 1.5 GeV. For describing data 
only near the /o(980) resonance one can the large non- 
coherent background under the resonance, caused by a2, 
approximate by a polynomial of y/s. The result of a such 
fit is shown in Figs. 13(c) and 13(d) (Achasov and Shes- 
takov, 2008a). 

By Fig. 12 and Eq. (12) taking into account 
the final state interaction in the Born 77^77+77" and 
77— ^i^+iT" amplitudes leads to the prediction of the 
S-wave amplitude of the 77 w^w^ reaction (Achasov 
and Shestakov, 2005, 2007, 2008a). In Figs. 13(b) the 
77 — > 7r*^7r*^ cross section, (To = o"ooi evaluated in the out- 
lined above manner, are compared with the Crystal Ball 
and Belle data. In view of the fact that no fitting pa- 
rameters are used for the construction of (Tq, one should 
accept that the agreement with the data is rather well at 
y/s < 0.8 Gev, i.e., in the (t(600) resonance region. It is 
clear also that at y^>0.8 GeV the /2(1270) resonance 
responsibility region begins. 

So, already at this stage it emerges the following. 

First, if the direct coupling constants of cr(600) and 
/o(980) with 77 are included in fitting their role will 



Note that the step of for the Crystal Ball and Belle data, 
shown in Fig. 13(b), is 50 MeV and 20 MeV respectively. 
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Figure 14 The structure of the /o(980) signal in ctq- (a) The 
contributions from the 77 — > K~^K~ — » tt+tt" (dashed line), 
77 — » 7r+7r~ — » 7r+7r~ (dotted line) rescattering amplitudes, and 
their sum (solid line), (b) The dashed line is identical to the solid 
one in (a), the dotted and dot-dashed lines show the 0-^°''" and 
"^(uf"^" cross sections, respectively (o"J'°''" < o-]^(°'"^ because of the 
destructive interference between the S and higher partial waves), 
and the solid line corresponds to the resulting /o (980) signal in tro • 



be negligible in agreement with the four-quark model 

prediction ( Achasov, Dcvyanin, and Shcstakov, 1982a, 
1982b). Second, by Eqs. (10) and (12) the (7(600)^77 
and /o(980)— >77 decays are described by the tri- 
angle loop rescattering diagrams Resonances {tt~^tt~ , 
K^K~) 77 and, consequently, are the four-quark tran- 
sitions (Achasov and Shestakov, 2005, 2007, 2008a, 
2008b). 

The interesting and important feature of the /o(980) 
signal in 77 tt+tt^ is its complicated structure which is 
shown by Figs. 14(a) and 14(b). The j-y^ K~^K~ — > tttt 
rescattering amplitude plays the determinant role trans- 
ferring the /o(980) peak from the Tx+k-^wk{s) am- 
plitude to the 77— > TTTT one. The 77— > tt+tt" — > tt+tt" 
rescattering in its turn transfers the narrow deep under 
the KK threshold from the T7r7r^7r7r(s) amplitude, see 
the footnote 18, to the ^jsnn one. The interference 
of the resonance 77— — >7r+7r~ amplitude with 
the 77— !-7r+7r~ — >7r+7r~ amplitude exerts the essen- 
tial effect on the resulting shape of the /o(980) signal, as 
indicated by Fig. 14(a). As for the Born contributions, 
their influence on on the resulting shape of the /o(980) 
signal is small, see Fig. 14(b). 

Once more notable fact lies in the drastic change of the 
/o(980) production amplitude "rf ^ K+ R- fo{m)) 
in the /o(980) peak region (Achasov and Shestakov, 
2005, 2008a, 2008b) just as the -y j ^ K+K' ^ ao{980) 
amplitude in the ao(980) region (Achasov and Shes- 
takov, 1988), see Section IV. A. In the cross sec- 
tion its contribution is proportional to I/k+k- (s)!^) see 
Eqs. (10) and (12). The fimction \Tk+k-{s)\'^ de- 
creases drastically immediately under the K~^K~ thresh- 



Figure 15 The solid curve shows |7jf+jf_(s)p as a function of 
(see Appendix. A); the dashed and dotted curves above the 
K'^K~ threshold correspond to the contributions of the real and 
imaginary parts of /^+^_ (s), respectively. 



old, i.e., in the /o(980) resonance region, see Fig. 15. ^'"^ 
Such a behavior of the /o(980) two-photon produc- 
tion amplitude reduces strongly the left slope of the 
the /o(980) peak defined by the resonance amplitude 
TK+K-^TTTris)- That is why one cannot approximate the 
/o(980) — >77 decay width by a constant even in the re- 
gion to/„ - F/^ / 2 < ^/s < m/o -|- /2 (Achasov and Shes- 
takov, 2005). 

So, the above consideration teaches us that all simplest 

approximations of the /o(980) signal shape observed in 
the 77 TT+TT^ and 77 —> tt'^tt'^ cross sections can give 
only a rather relative information on the /o(980) state 
two-photon production mechanism and the /o(980) pa- 
rameters. 

Fortunately, the already current knowledge of the dy- 
namicsof r,+,-^,,(s) [T°{s), T^is)] andTK+K-^^As) 
strong interaction amplitudes allows to advance in under- 
standing the signals about the light scalar mesons which 
the data on the 77 tttt reaction send to us. In fitting 
data we use the model for the (s) and 7if+if-^^^(s) 
amplitudes which was suggested and used for the joint 
analysis of the data on the 7r°7r° spectrum mass in the 
— > 7r°7r''7 decay, the tttt scattering at 2m^ < ^/s < 1.6 
GeV and the tttt KK reaction (Achasov and Kiselev, 
2006, 2007a). The To°(s) model takes into account the 
contributions of the cr(600) and /o(980) resonances, their 
mixing, and the chiral background with the large nega- 
tive phase which shields the cr (600) resonance (see ad- 
ditionally Achasov and Shestakov, 1994a, 2007). Eqs. 
(10) and (12) transfer the effect of the chiral shielding 
of the f7(600) resonance from the tttt scattering into the 
77^ TTTT amplitudes. This effect are demonstrated by 
Fig. 16(a) with the help of the tttt scattering phases 
^res(s), Sl^'is), and 5g(s) [see Eqs. (20) - (22) and (24)], 
and by Figs. 16(b) and 16(c) with the help the corre- 



Note that the relative sign between these amplitudes is fixed 
surely. (Achasov and Shestakov, 2005, 2008a, 200b). 



The function \Ik+ (■^)\'^ decreases relatively its maximum at 
y/s = 2m ^0.9873 GeV by 1.66, 2.23, 2.75, 3.27, and 6.33 
times at Vs = 0.98, 0.97, 0.96, 0.95, and 0.9 GeV, respectively. 
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spending cross sections of the tttt — > tttt and 77^7r"7r" 
reactions (Achasov and Shestakov, 2007). As seen from 
Fig. 16(c), if it were not for such a shielding tlic 77 tt^tt'' 
cross section nearby the threshold would be not 5 — 10 nb 
but approximately 100 nb due to the tt+tt" loop mecha- 
nism of the decay cr(600) — > 77 (Achasov and Shestakov, 
2007). The width decay corresponding to this mecha- 
nism, T„^^+^-^^^{s), is shown in Fig. 16(d), see also 
Eq. (51) in Appendix A. 

By Achasov and Kisclcv (2006, 2007b), 

T°{s) = T--{s) + e2*^S'(^)T-(s) , (20) 
T^-(s) = {exp[2iSl^s)] - l}/[2ipMs)] , (21) 
TrlUs) = {r?°(s) exp[2i6res{s)] - l}/[2v,+ (s)] , (22) 

Tk+k-,.+.- (s) = ^WlT,f,^— (s) , (23) 

where S'^^{s) and S^^{s) are the phase of the elastic S 
wave background in the tttt and KK channels with 7 = 0; 



(24) 



The amplitudes of the (j(600) -/o(980) resonance com- 
plex in Eqs. (10), (12), (20), (22), and (23) are (Achasov 
and Kiselev, 2006, 2007b) 

^TTTT. X _ o .9<T7r+7r-A/„(s) +g/„^+^-A^(s) 

-fresl^J — -J oo_rn /„\n./„\ tt2 TTvT ' V^^'' 



327r[D,{s)Df,{s)-Ill^{s)] ' 



-'res K°) — 



16'K[D4s)Df,{s)-Ul^{s)] 



, (26) 
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Figure 16 The figure demonstrates the chiral shielding eflfect in 
the reactions -ktx ^ -kix and 77 — > tt^tt''. All the plots have been 
taJjen from the paper Achasov and ShestaJfov (2007) dedicated the 
lightest scalar in the SU{2)]^ x SU{2)ji linear a model. 



under consideration an take 5q{s) from (Achasov and 
Shestakov, 2003). 

The amplitudes of the /2(1270) resonance production 
in Eqs. (11) and (13) are 

-^77^/2(1270)^7r+7r- («) = Af77^/2(1270)^7r07r0 («) 



where Af„{s) = D f^,{s)g„^+^- +Ilfg„{s)gfy^+„- and The main contribution in its total width r^°*(s) = 



.(0) 



(28) 



yiG2(5)V2F/,^^^(s)/3 
ml-s-i^Tf^{s) 



^/o77 direct coupling constants of the a and /o 

resonances with the photons. We use the expressions for 
the 5g^{s) and S^^{s) phases, the propagators (t(600) 
and /o(980) resonances 1/D„{s) and 1/Dfg{s) and 
the polarization operator matrix element Ilfga-{s) from 
(Achasov and Kiselev, 2006). The to/„ was free, the 
other parameters in the strong amplitudes (mo-, gan+n-j 
9foK+K-^ etc.) correspond to the variant 1 from Table 
1 from this paper. We also put ?7o(s) = l for all \fs 



(?CT77 and 



Removing the misprint in the sign of the constant C = C^g^ we 
use Cjpc, = —0.047 GeV. Notice that our principal conclusions 

[the insignificance of the direct transition 77 Light Scalar 
and the dominant role of the four-quark transition 77 — > 
(tttt, K^K^) — » Light Scalar] are independent on a specific 
variant from (Achasov and Kiselev, 2006, 2007b). 



r/2^7r7r(s) + rj^^^^(s) + r/2^47r(s) is given by the tttt 
partial decay width 

rj,^,,(s) = r}f (m^JS(/2 - TTTT) 



(29) 



where D2{x) = 9 + Sx"^ + , g^+(s) = •ysp^+(s)/2, Rf^ 
is the interaction range and B(/2 tttt) = 0.848 (Am- 
sler et al., 2008). The small contributions ofTf^^xxi^) 
and r/2^4^(s) are the same ones as in (Achasov and 
Shestakov, 2008a). The parameter Rf^ (Marsiske et al., 
1990; Boyer et al, 1990; Behrend et al., 1992; Mori et 
al., 2007b; Uehara et al., 2008; Achasov and Shestakov, 
2008a, 2008b) controls the relative form of the /2(1270)- 
resonance wings and is very important especially for fit- 
ting data with small errors. 
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The amplitude 6*2(5) in Eq. (28) describe the coupHng 
of the /2(1270)-resonance with the photons, 



(30) 

The exphcit form of the M^°''"(s) ampUtudc is in Ap- 
pendix A, Eq. (41). The /2(1270)^77 decay width is 



and 



[here the 



.(0) 



(31) 



(32) 



(27), 



s factor, and also the ,s factor in Eq. 
is caused by the gauge invariance requirement]. The 
second term in Gi{s) corresponds to the rescattering 
72(1270) ^ 7r+7r~ ^ 77 with the real pions in interme- 
diate state and ensure the fulfillment of the Watson 
theorem requirement for the amplitude 77 tttt with 
A = J = 2 and / =0 under the first inelastic threshold. 
This term gives a small contribution, less then 6%, in 
r/,^,^(m2j.28 

The simplest approximation (32) of the main con- 
tribution, r^°^_^^^(s), in the /2(1270)^77 decay 
width is completely adequate to the current state 
of both theory and experiment. The parameter 

r/°^-77K2) = i[ff/277/(lH]"^i inEq. (32) accumu- 
lates effectively lack of knowledge of the values of the 
amplitudes responsible for the /2(1270)^77 decay. By 
the above reasons, see Subsection III. C. 2., it is gen- 
erally agreed that the direct quark-antiquark transition 
gg— >77 dominates in the /2(1270) — > 77 decay and its 
amplitude is characterized by the 5/277 coupling con- 
stant. As shown in (Achasov and Shestakov, 1988, 2005, 
2007, 2008a, 2008b) and as we state here step by step, the 
situation is quite different in the case of the light scalar 
mesons. 

Now everything is ready to come to the discussion of 
fitting the Belle data on the 77^77+77" and 77^7r''7r° 
cross sections which was carried out in (Achasov and 
Shestakov, 2008a, 2008b). 

One considers firstly fitting the 77 
tion only, see Fig. 17(b), which has the smaller back- 
ground contributions under the /o(980) and /2(1270) 
resonances then the 77— > tt+tt^ cross section, com- 
pare Figs. 17(a) and 17(b). The solid curve 
in Fig. 17(b), describing these data rather well, 
corresponds the following parameters of the model: 



■ tt^tt" cross sec- 



That is, it corresponds to the imaginary part of the /2{1270) — » 
7r+7r~ 77 amplitude. 

As for a real part of the /2(1270) — >7r+7r~ — »77 amplitude, its 
modulus is far less than the one of the direct transition amplitude 
as different estimations show. 
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Figure 17 Cross sections for the 77 — » tt+tt" and 77 — » tt^tt" 
reactions. Only statistical errors are shown for the Belle data (Mori 
et al, 2007b; Uehara et al, 2008). The curves in plot (a) are 

described in the text and on the figure. The curves in plot (b) are 
the result of the fit to the data on the 77 — > n^n^ reaction. 



m/2 = 1.269 GeV, r)°*(m^J = 0.182 GeV, Rf^=8.2 
GeV-i, Tf,^^^{mj,) = 3.62 keV [r(°L^^(m/J = 3.43 
keV], m/o= 0.969 GeV, 5^7^7 = 0.536 GeV'^ and 
0.652 GeV-^^^ The fitting indicates small- 



y/o77 



ness of the direct coupling constants 5ct7-7 and 
.gj^^^: ri°l77(m2) = |m2.g(°),.|V(16^m„) = 0.012 keV 



(0) 



2 W 



Ko) 



l™/o5/o77l 



7(167rm/J = 0.008 keV, 



and r 

in accordance with the prediction (Achasov, Devyanin, 
and Shestakov, 1982a, 1982b). 3" The dominant rescat- 
tering mechanisms give the cr(600) ^ tt+tt^ -^11 width 
w (1-1.75) keV in the region 0.4 < < 0.5 GeV, 
see Fig. 16(d) (Achasov and Shestakov, 2007), and the 
/o(980)^/4:+ii'-^77 width «(0.15 - 0.2) keV aver- 
aged over the resonance mass distibution (Achasov and 
Shestakov, 2005). 

But such a fitting of the 77 tt^tt^ cross section comes 
into conflict with the data on 77 -k^-k^ , see solid curve 
for (T = c7o + cr2 in Fig. 17(a). This is connected with 
the large Born contribution in 02 and its strong con- 
structive (destructive) interference with the /2(1270) res- 
onance contribution at \fs < m/2 (y^ > m/^), which 
are absent in 77— ^tt'^tt^. We faced this challenge in 
(Achasov and Shestakov, 2008a) and ibidem suggested 
the following solution. Matters can be improved by the 
introduction of the common cutting form factor in the 



•^^ The formally calculated errors in the significant parameters of 
the model are negligible due to the high statistical a<;cura<;y of 
the Belle data. The model dependence of adjustable parameter 
values is the main source of their ambiguity. 

One notes that the small values of these coupling constants are 
grasped in fitting due to the interference of the M^g®'^*(s) am- 
plitude, see Eqs. (10), (12), and (27), with the contributions of 
the dominant rescattering mechanisms. In such a case not the 
specific above values of ^^'77 ^iid ^/o77 important, but the 
fact of their relative smallness corresponding V^^\~f~^(rn^^ and 

r^:L77K,)«o.ikeV. 



16 



350 
300 
250 
200 
150 
100 
50 



I Belle, ♦ Mark II, ▲ CELLO / \ (a) 

(T—(Tq+(T2 






0.2 0.4 0.6 0.8 1 1.2 1.4 

Vs" (GeV) 




0.6 0.8 1 

Vs (GeV) 

Figure 18 Joint description of tlie data on the cross sections for 
tlic reactions 77 — » tt+tt" and 77 — > tt'^tt". Ttie shaded bands 
correspond to the Belle data (Mori et al, 2007b; Uehara et al, 
2008) with the statistical and systematic errors (errors are added 
quadratically) . The curves are described in the text and on the 
figures; a^°™{xi) in plot (a) is the Born cross section for the 
77 — » 7r+7r~ reaction with the inclusion of the form factor. 



point-like Born amplitudes ■yy^TT~^n~ , M^°™(s,0) 
G(t,u)Mf°'^{s,6), where t and u are the Mandelstam 
variables for the 77 tt+tt" reaction. To show this we 
use, as an example, the expression for G(t, u) suggested 



by Poppe (1986) 



G{t,u) = 



+ 



mz 



(33) 



Such a natural modification of the point-like Born contribution 

was discussed in connection with the data on the 77^71+77^ 
(Poppe, 1986; Morgan and Pennington, 1987, 1988; Boyer et al, 
1990; Behrend et al, 1992) and -y-f ^ K+ K' {K°K°) reactions 
(Achasov and Shestakov, 1992, 1994b). But only the problem of 
the consistent description of the Belle data on 77— >7r+7r~ and 
77— ►tt^tt'^ indicates the modification need of the Born sector 
of the model unambiguously (Achasov and Shestakov, 2008a, 
2008b). 



where xi is a free parameter. This ansatz is quite accept- 
able in the physical region of the 77 — !■ Tr+TT^reaction. 
Replacing by mx+ and xi by X2 we obtain also the 
form factor for the Born amplitudes 'yy K~^K~ . 

The solid curves for = ctq + (T2 and a = ao + a2 in 
Fig. 18(a) and 18(b) show the consistent fitting of 
the data on the 77^7r"'"7r~ cross section in the region 
0.85 < ^/s < 1.5 GeV and on the 77— >7r°7r° cross sec- 
tion in the region 2111^^ < ^/s < 1.5 GeV with the form 
factors modificating the point-like Born contributions. 
The obtained description is more than satisfactory to 
within the Belle systematic errors which are shown in 
Figs. 18(a) and 18(b) by means of the shaded bands. 
We believe that such a fitting is completely adequate for 
the statistic errors of both Belle measurements are so 
small that to obtain the formally good enough value of 
in the combined fitting of the tt+tt^ and tt'^tt" data 
in the wide regions of -^/s without taking the systematic 
errors into consideration is practically impossible. The 
curves in Fig. 18 corresponds the following values of the 
parameters: mf^ = 1.272 GeV, r}f (m^^ ) = 0.196 GeV, 

i?/,=8.2GeV-i, r/,^^^(m/J=3.83keV [r(°)_^^^ (m/J 
= 3.76 keV] , mj„ = 0.969 GeV, g^^^^ = -0.049 GeV"! 
[ril^^(m2) miserable], 5^°^^ = 0.718 GeV^ [F^^^.^^^ 
(to2j~o.01 keV], a;i=0.9 GeV and X2 = 1.75 GeV. It 
is clear from comparison of Figs. 17(b) and 18(b) that 
the form factor effect on the 77 7r°7r° cross section is 
weak in contrast to the 77 — > tt+tt" one [compare Figs. 
17(a) and 18(a)] in which the (T2 contribution is modified 
mainly. One emphasizes that all our conclusions about 
the mechanisms of the two-photon decays (productions) 
of the f7(600) and /o(980) resonances are in force. 



At the same time we emphasize that the considerable systematic 
errors, the sources of which are described in detail in (Mori et at, 
2007a, 2007b; Uehara et al, 2008), do not depreciate the role of 
the high statistics of the data, which allows to resolve the small 
local effects connected with the /o(980) resonance manifestation. 
33 Our /2(1270) two-photon width (3.83 keV) is more than the PDG 
fit (2.7 keV). A plausible reason of this difference is the fact that 
we calculate the background under the /2(1270) resonance the- 
oretically. It is interesting that our similar treatment (Achasov 
and Shestakov, 1988) of the Crystal Ball data on the 77 — » n'^rj 
reaction (Antreasyan et al, 1986) gave for the two-photon width 
of the 02(1320) resonance the value 1.3 keV greater than the 
PDG average 1 keV keeping the gold qq model relation 25:9. 
Notice that the point-like uj and 02(1320) exchanges in the 
77 — > 7r°7r° and 77 n'^n~ amplitude, respectively, which 
give the contributions (mainly the 5 wave one) in the cross sec- 
tion, runaway with increasing the energy and comparable with 
the /2(1270) resonance contribution even in its energy region, 
are not observed experimentally. This was puzzled out in our 
paper (Achasov and Shestakov, 1992) with the 77 ^ vr'^ry exam- 
ple. The proper reggezation of the point-like exchages with the 
high spins reduces the dangerous contributions greatly. In addi- 
tion, the cancelations between the w and /ii(1170) exchanges 
in 77 — > tt^tt" and the 02(1320) and oi(1260) exchanges in 
77 TT+TT^ take place. As to the p exchange in 77 wn, 
its contribution is small for g^^^ ~ (l/9)957r7 ^'^'^ canceled ad- 
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E. Conclusion: Two-Photon Decays on the Nature of the 

(t(600) and /o(980) mesons 

Thus the physics of the two-photon decays of the hght 
scalar mesons acquires the rather clear outline. The 
nic;dianism of their decays into 77 does not look like the 
mechanism of the classic tensor qq meson decays, which 
is the direct annihilation qq^'yy. The light scalar me- 
son decays into 77 are suppressed in comparison with 
the the tensor meson ones. They are caused by the 
rescattcring mechanisms, i.e., by the four-quark transi- 
tions cr(600) TT+n- -> 77, /o(980) -> K+K' -> -f-f, and 
ao(980) ^ X+A'^ ^77- Such a picture is suggested by 
experiment and supports the q'^q'^ nature of the light 
scalars. It is significant that in the scalar meson case the 
longing for the exhaustive characteristic of their coupling 
with photons via the constant values rg++^^^,(mp++ ) by 
analogy with the tensor mesons cannot be realized for 
quite a number reasons. 

First of all it is clear that when we deal with reso- 
nances accompanied by fundamental background, when 
two-photon decay widths change sharply in the resonance 
region for close inelastic thrc^sholds, then thcTC is no point 
in discussing the two-photon width in the resonance peak. 

In this connection it is interesting to consider the cross 
section 77— ^tt+tt" caused only the resonance contribu- 
tions, i.e., 




Figure 19 The integrand in Eq. (35) corresponding to the joint 
fit to the 77 — > 7r+7r~ and 77 — > tt^tt" data is shown by the 
solid curve. The dotted and dashed curves show the contribu- 
tions from the resonant elastic 77— >7r+7r~ — >7r+7r~ and inelastic 
77— — >7r+7r~ rescatterings, respectively. 



bined fitting, (Tj^^jy)^^ « 0.19 keV (Achasov and Shes- 
takov, 2008b). Taking into account that the wide (t(6GG)- 
resonance dominates in region 2m7r < \/s < 0.8 GeV 



one obtains by analogy with (35) (Fo-^-y 



;0.45keV 



3(77 ■ 



(Achasov and Shestakov, 20G8b) . Note that the cusp near 
the TTTT threshold in the [3s/(87r^)](Ti.es(77-^ 7i"''7r~; s) ex- 
pression, shown in Fig. 19, is the manifestation of the 
correction for the finite width in the propagator of the 
scalar resonance. In Appendix A there are adduced the 
transparent explanation of this phenomenon. In the total 
S wave amplitude 77 — > tttt such a threshold enhancement 
is absent due to shielding the resonance contribution in 
the amplitude Tq (s) by the chiral background one, see, 
for example. Fig. 18(b). 

The above examples, each in its manner give to feel 
clear the nontriviality of accessing information about the 
(t(600) and /o(980) decays into 77. For instance, to de- 
(s; xi) and Ik^k- (s; X2) are the analogs of the t*'™^ directly from data is impossible for 



K+(s)/(327rs) 



-(s;xi)e2^'5S"Wr^^j(s) 



+ Ik+K- {s; X2) TK+K-^.+n- («) + <r*(s)f (34) 

[see Eqs. (10) and (25) (27)], where the function 



7^+^- (s) and Ik+k- (s) functions constructed with tak- 
ing the form factors into account, see Appendixes 
A and C. Fig. 19 shows the dependence of the 
Cres(77— *7r+7r~;s) cross section, multiplied by the fac- 
tor 3s/(87r2), on the energy. In and around 1 GeV there 
is the impressive peak from the /o(98G) resonance due 
to the inelastic 77 K^K^ tt+tt^ rescattering in the 
main. Following (Achasov and Shestakov, 1988, 2GG5, 
2G08b) one determines the /o(98G) 77 decay width av- 
eraged over the resonance mass distribution in the tttt 
channel 

1.1 GeV 

/3s 
^0Tes(77 n+TT~;s)dy/s. (35) 

0.8 GeV 

This value is the adequate functional characteristic of the 
coupling of the /o(980) with 77. For the presented com- 



ditionally by the 61 (1235) one. 



the cross section in the a region is formed by both res- 
onance and compensating background. The specific dy- 
namic model of the total amplitude needs to their sepa- 
ration. The simple Breit-Wigner is not enough here. 

As for the /o(980) resonance, experimenters began to 
take into consideration two from three important circum- 
stances (Mori et al, 2007a, 2GG7b; Uehara et al, 2GG8; see 
also Amsler et al, 2008), for which we drew attention in 
(Achasov and Shestakov, 2005). Firstly, there was taken 
account the correction for the finite width due to the 
coupling of /o (980) with KK channel in the /o (980) res- 
onance propagator, which effects essentially on the shape 
of the /o(980) peak in the tttt channel. Secondly, there 
was taken into account the interference of the /o(980) res- 
onance with the background though in the simplest form. 
But no model was constructed for the /o (980) ^ 77 decay 
amplitude which was approximated simply by a constant 
(Mori et al, 2007a, 2007b; Uehara et al, 2008). Fitting 
data in this way the Belle collaboration extracted the 
values for T f^^^^{rin?^^) presented in Table IV. But the 
discussion needs how to understand these values. First 
and foremost, one cannot use them for determining a 
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coupling constant gja-,y in a effective lagrangian, i.e., a 
constant of the direct transition /o(980)-^77, because 
such a constant is small and does not determine the 
/o(980)^77 decay, as shown above. Until the model 
of the /o(980)^77 decay amplitude is not specified, a 
meaning of the ^ fa^-yyifnj^) values, extracted with the 
help of the simplified parametrization, is rather vague. 
In principle the T f^^^^-^im'j^) values in Table IV can be 
taken as the preliminary estimations of (r^Q_»^-|,), i.e., as 
the /o (980) ^77 decay width averaged over the hadron 
mass distribution (Achasov and Shestakov, 1988, 2005, 
2008b). 

In the dispersion approach there are introduced usually 
the pole two-photon widths TB.^'iiipole), R = a,fo to 
characterize the coupling (t(600) and /o(980) resonances 
with photons (see, for example, Morgan and Penning- 
ton, 1988, 1990; Boglione and Pennington, 1999, Pen- 
nington, 2006; Pennington, Mori, Uehara, and Watan- 
abe, 2008). These widths are determined through the 
modulli of the complex pole residues of the 77— ^tttt 
and TTTT TTTT partial amplitudes constructed theoreti- 
cally. Basing on our investigation (Achasov and Shes- 
takov, 2007) we would like to note the following. The 
residues of the above amplitudes are essentially complex 
and cannot be used as any coupling constants in a her- 
mitian effective lagrangian. These residues arc "dressed" 
by the background for they relate to the total ampli- 
tudes. As our analysis in the SU{2)l x 5f (2)ij linear 
(T-modcl (Achasov and Shestakov, 2007) indicated, the 
background effects essentially on the values and phases 
of the residues. Thus the focus on the values of the 
^R^'-rfipole) type in dispersion approach does not help 
to reveal the mechanism of the two-photon decays of the 
scalar mesons and so cannot shed light on the nature of 
the light scalars. 



IV. FUTURE TRENDS 

A. The ao(980) Meson in the Reaction 77 — > n^rj 

Our conclusions about the important role of the K^K~ 
loop mechanism in the two-photon production of the 
ao(980) resonance and its possible four-quark nature 
(Achasov and Shestakov, 1988, 1991, 1992) were based 
on the analysis of the results of the first experiments 
Crystal Ball (Antreasyan et al, 1986; see Fig. 4) and 
JADE (Oest et al, 1990) on the ^^^-K^-q reaction. Un- 
fortunately, the large statistical errors in these data and 
the rather rough step of the 7r°ry invariant mass distribu- 
tion (equal 40 MeV in the Crystal Ball experiment and 
60 MeV in the JADE one) left many uncertainties. 

Both Crystal Ball and JADE registered events of 
production of tt'^tt'^ 7777 and tt^t/ 7777 simultane- 



The above comments are true also in the (7(600) resonance case. 




Vs (GeV) Vs (GeV) 



Figure 20 (a) Cross section for the reaction 77 — » tt"??, with- 
out restriction on |cos9|. The dashed, sohd, and dotted curves 
correspond to the 02 (1320) production, the ao(980) plus 02(1320) 
production, and the cross section folded (iu tlic a()(980) region) 
with a Gaussian with a = 10 McV mass resolution. The ao(980) 
is produced via the rcscattcring mechanism 77 — > K^K~ — > 
ao(980) — > tt"?}. The 02(1320) is produced via the direct coupling 
to photons; the parameterization of the 77 — » 02(1320) — » Tr^r; 
cross section is the same as given by Antreasyan et al. (1986), 
but with the current values of the 02 (1320) resonance parameters 
from Amslcr et al. (2008). (b) The energy-dependent width of the 
00 (980) K+K- decay. 



ously. Because of this, we cherish the hope for ap- 
pearing the Belle data on the 77 ^tt"?] reaction in 
the ao(980) and 02(1320) resonances with the statis- 
tics exceeding the former data in a hundred times like 
the 77 tt^tt" Belle data. It is believed (sec discus- 
sions in Achasov and Shestakov, 1988, 1992) that in 
the 77 TT^T] reaction the background conditions in the 
ao(980) region are rather favorable. In particular, the 
non-coherent background in the ao(980) region from 
the 02(1320) resonance in 77— >7r°7/ should be one or- 
der of magnitude smaller than the non-coherent one 
in the /o(980) region from the /2(1270) resonance in 
77— ^TT^TT*^ [see, for example. Figs. 7(b) and 18(b)], be- 
cause [B{a2 77)5(02 ■7rr])]/[B{f2 77)-B(/2 ^ 
7r°7r°)] X {TljTjJ w 0.334 x 0.342 = 0.114 (Amsler 

at al, 2008). In Fig. 20(a) The reference theoretical 
curve for the 77^ [oq (980) -|- 02 (1320)] ^ Tr^ry cross sec- 
tion is given, which corresponds to the ao(980) resonance 
production by the 77 K^K~ ao(980) n^rj 
rescattering and the O2(1320) resonance production by 
the direct coupling of O2(1320) with 77 (see Appendix 
B for details). In Fig. 20(b) the dependence of the 
ao(980) K^K~ 77 decay width on energy is shown. 
Averaging this over the resonance mass distribution in 
the tt'^tj channel in the interval from 0.8 up 1.1 GeV , see 
Eq. (68) in Appendix B, one obtains (Tao^K+K-^'^-yj-K^r] 
w 0.125 keV. 



B. The /o(980) and ao(980) Mesons near the 77 — > KK 
Reaction Thresholds 

The four-quark nature of the ao(980) and /o(980) res- 
onances shows itself paradoxically in the 77 KK 
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Figure 21 The K+K~ (a) and K'^K'^ (b) mass spectra measured 
by ARGUS (Albreeht et al, 1990) and L3 (Aceiarri et al, 2001). (c) 
This plot illustrates the scale of the KK production cross section. 
The experimental points show the cross section for 77 — > K'^K~ 
with allowed contributions from AJ=[22, 02, 00] (ARGUS). The 
upper dashed, dot-dashed, and solid curves correspond to the 77 — » 
K+K- Born cross section with A J =00, AJ=[00, 22], and the 
total one, respectively (the A J =02 contribution is negligible). The 
lower dashed, dot-dashed, and solid curves correspond to the same 
cross sections but modified by a form factor (see Sec. III. D and 
Appendix A). The dotted curve shows the estimate of the the S 
wave 77 — » K'^K~ cross section in our model. 



reactions (Achasov and Shestakov, 1992, 1994b). The 
ao(980) and /o(980) production is suppressed for the 
strong final state interaction in the 77 K~^K~ re- 
action and in the 77 — > K^K^ one for the destructive 
the ao(980) and /o(980) interference. 

A few words about the experimental situation. The 
77 — > K~^K~ and 77 KgKg cross sections become sat- 
urated in fact with the contributions of the /2(1270), 
02(1320), and /2(1525) resonances being produced in the 
A = 2 helicity states in the energy region 1 < ^/s < 1.7 
GeV (Althoff et al, 1983, 1985; Johnson, 1986; Berger 
et al, 1988; Behrend et al, 1989; Albreeht et al, 1990; 
Feindt and Harjcs, 1990; Braccini, 2000; Aceiarri et al, 
2001; Abe et al, 2004), see Figs. 21(a) and 21(b). 
The constructive and destructive interference between 
the /2(1270) and 02(1320) resonance contributions is 
observed in 77— and j'y^K'^K'^, respectively, 
in agreement with the qq model (Faiman, Lipkin, and 
Rubinstein, 1975). Notice that the region of the KK 
thresholds, 2mK < \fs < 1.1 GeV, sensitive to the S 
wave contributions is not investigated in fact. The sensi- 
tivity of the ARGUS experiment to the K~^K~ events 
at 2m x+ < y/s < 1.1 GeV was negligible (Albreeht 
et al, 1990), sec Fig. 21(a), and the total statistics 
of the L3 (Aceiarri et al, 2001), see Fig. 21(b), and 
CLEO (Braccini, 2000) experiments on -yy ^K^K^ at 
2mxo < -y/s < 1.1 GeV are within 60 events. 

The absence of the considerable non-resonance back- 
ground in the K~^K~ cross section seems at first 
sight rather surprising for the Born contribution compa- 
rable with the tensor resonance contributions, see Fig. 
21(c). As seen from this figure, the S wave contribution 
dominates in the Born cross section at ^/s < 1.5 GeV. 
One would think that the large non-coherent background 
should be under the tensor meson peaks in the K^K~ 
channel. But taking account of the resonance interaction 
between the K^ and K~ mesons in the final state results 



in the cancelation of the considerable part of this back- 
ground (Achasov and Shestakov, 1992, 1994b). The prin- 
cipal point is that the Born S wave 77 — > K~^K~ ampli- 
tude acquires the £,{s) = [l + ipK+{s)TK+K-^K+K-{s)] 
factor due to the 77 K^K~ — > K^K~ rescattering 
amplitude with the real kaons in the intermediate state. 
The ao(980) and /o(980) resonance contributions domi- 
nate in the Tx+k-^k+k- {s) amplitude near the K'^K~ 
threshold and provide it with the considerable imaginary 
part for the strong coupling with the KK channels in 
the four-quark scheme. As a result the |^(s)p factor is 
considerably less than 1 just above the K~^K~ thresh- 
old and the seed S wave Born contribution is consider- 
ably reduced in the wide region of ^/s. The dotted curve 
in Fig. 21(c) represents the estimation of the S wave 
77 K~^K~ cross section obtained in the model under 
consideration with taking the form factor into account 
(see details in Appendix C). This estimation agrees with 
obtained earlier (Achasov and Shestakov, 1992, 1994b). 

So one can hope to detect in the partial wave analysis of 
the 77— >iC+iC~ reaction at 2mK+ < \fs < 1.1 GeV the 
scalar contributions at the rate of about 5-10 nb. As for 
the 77 K'^K'^ reaction, its amplitude has not the Born 
contribution and the ao(980) resonance contribution has 
the opposite sign in comparison with the 77— 
channel. As a result the contributions of the S wave 
77 K^K~ K'^K'^ rescattering amplitudes with the 
isotopic spin / = and 1 practically cancel each other and 
the the corresponding cross section should be at the rate 
of about < 1 nb. 
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V. APPENDIX 

A. 77 — > nn 

Below there is the list of the expressions for the Born he- 
licity amplitudes Mf°™{s, 6), the loop integrals /,r+7r- (*) 
and Ik+k-{s) from Eqs. (10) — (13), some low partial 
Born amplitudes, M^j'''^{s), and the Born partial am- 
plitudes with taking into account the form factor. In 
addition, a few useful auxiliary formulae for the solitary 
scalar resonance are adduced. 

The Born helicity 77 — > tt+tt" amplitudes are 



87ra 



p^^(s)cos2 6» ' 
p.+ (s) = (l-4m2 + /s)i/2, (36) 
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= |^^^44t^ (37) 
1 - p;+ (s) cos2 6» 

(a = e^/ (47r) = 1/137). Their partial wave series expan- 
sion is 

M^°^-{s,e) = J2^2J+l)Mfr{s)dioiO), (38) 

where c?5[o(^) are the usual d functions (see, for example, 
Amsler et ai, 2008). Three low partial waves are 



Mor"(s) = 47ra 



Pn+ (s) 1 - Pn+ (s) 



(39) 



Then the modified amplitudes can be represented in the 
form 



1 Pl+i^) rciBorn 



P7r+ (s) 



M2«°™(s;xi) 



(46) 



Pn+ {s) [Fir{Pn+ {s)) - Ffr{p^+ (s; x^))] , (47) 



where 



p^+{s;xi)=p^+{s)/{l + 2xl/s). (48) 



pUs) 



2p^+ (s) 



xlnl±^-3 



(40) 



Mj|°™(s) = Ana 



(i-pIAs))' ,1 + pMs 



2p^(s) 



1 5' 



In 



1 -P7r+(s) 



(41) 



The function /tt+tt- (s) is the amplitude of the triangle 
loop diagram 77^ tt+tt" a scalar with the mass = 



4+7r- (s) = 



p^+{s')M^r{s') ,j 



JimP- S'{s' — S — is) 



-ds' 



(42) 



The behavior /,r+7r- (s) oc s when s ^ 0, is the gauge in- 
var iance consequence. At s>4to^ + 



4+7r- (s) 



l + p^+(s) 

TT + z In 



1 -P7r+(s) 



The form factor, see Eqs. (33), 



G{t,u) = - 



ml+-t 



+ 



m't+ — u 



l-{u-ml,)/xl l-{t-ml,)/xl 



(43) 



} 



(where t = m^+ — s[l — pT^+is) cos^]/2 and u = m^+ — s[l 

+ (s) cos 0]/2) modifies the Born partial wave ampli- 
tudes. Let us introduce the notations 

Miris) = [(1 - plAs))/p.As)]F^r{p.As)) , (44) 



M^ris) = p^+ {s)F^r{p,+ {s)) . (45) 



As to the function /^+^-(s), see (42) and (43), this is 
replaced by 

^ Jim 



2 s'{s' — s — is) 



In this case the numerical integration needs certainly. 

To make easy understanding the structure and normal- 
ization of the sufficiently complicated expressions used in 
fitting data, one adduces the formulae of the a produc- 
tion due to the 77 — > tt+tt" ct ^ tt+tt" rescattering and 
its two-photon decay in the imaginary case of the solitary 
scalar a resonance coupled only to the nn channel. 

The corresponding resonance cross section has the fa- 
miliar form 



(77 n+n ) 

StT y/sr^^„+„-^^^{s) ^/sT„^^+^- (s) 

\D.{s)\^ 



(50) 



where 



■^(T^7r+7r~ — *'77 (^) 



167r 



4+7r-(s) 



(51) 



If a can else directly transit into 77 with the amplitude 
sg^j-y then the width r„^j^+j^-^^^{s) in (50) should be 
replaced by 



Tcr — *77 {^) 



lOTTVS 



(52) 



where 



M„^^^{s) = M^^^+^-^^^{s) + sg^J!^^ . (53) 



The propagator of the a resonance with the rria Breit- 
Wigner mass in (50) has the form 



1 



1 



D^{s) ml- s + Renj'^(m2) - nj'^(s) 



(54) 
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Figure 22 Demonstration of tiie finite width correction witli an 
example of the single a resonance. The curves are described in the 
text. 



B. 77 — ^ TT^r? 

Below are the formulae which were used in graphing the 
curves in Fig. 20. 

The helicity amplitudes Mo(77^ tt^jj; s, ^) and 
M2(77^7r°r/;s,6'), caused by the ao(980) and a2(1320) 
resonance production respectively, are 



Mo (77 7T°r]; s, 0) = Moo(77 7r°7r°; s) 

= Ik+K- (s; X2) TK+K-^ao^iT°rt{s), 



'-K+K-^ao- 



9aoK K /yaoTT. 



167r 



(57) 

(58) 



where n^'^(s) is the polarization operator of the a reso- 
nance for the contribution of the tt+tt" and tt'^tt'^ inter- 
mediate states. At s > 4m^+ (=4m^o) 



nr(s) = 



2 IGtt 



. 1,1 

I In- 

71" 1-P7r+(S) 



(55) 



when < s < 4m^+ then p7r+ (s) ^ 'i\Pv+ The cr — > tttt 
decay width 



r™(.) = ^imnr(.) = 1%^^ 



(56) 



The function Re[nj'^(TO^) — nj^(s)] in the denomina- 
tor of Eq. (54) is the correction for the finite width 
of resonance. In Fig. 20 the real and imaginary 
parts of the inverse propagator Da{s) are shown by 
the solid and dashed curves in the case of the res- 
onance with the mass rua- = 0.6 GeV and the width 
= r<^^7r7r(?Ti^) =0.45 GeV. As may be inferred from 
this figure, Re[Z?CT(s)] can be close to at s = 4m^+ due 
to the correction for the finite width in the case of the 
large one. Then this results in the threshold cusp in 
amplitudes oc |l/Dcr(s)|. "^^ For reference, in Fig. 20 
the real and imaginary parts of the inverse propaga- 
tor D^{s) =ml-s- iT^^{s - 4m^+)/(m2 - 4m^+), in 

wliicli the correction for the finite width is absent (Flatte, 
1976), are shown by the dotted and dashed-dotted curves, 
respectively, at the same values of and 



^® (taJien with the sign minus) 

The references to papers, in which the corrections for the finite 
widths and the analytic properties of the propagators of the real- 
istic /o(980), ao(980), and (7(600) resonances, are pointed out in 
Section II. In connection with the 77 — + tt^t; and 77 — > tttt reac- 
tion these corrections arc discussed also in the papers (Achasov 
and Shcstakov, 1988, 2005). 

^® (also taken with the sign minus) 



M2(77 ^ 9) = MUe)Ah2hl ^ tt",?; s) 

= 807rciio(6')M^^^a2(i270)^7rO,)(s)- (59) 

Their normalizations, the connections with the cross sec- 
tions, arc similar to the ones in Eqs. (16), (18), (28) 
and (31). The triangle loop integral Ik+k-{s]X2) is de- 
fined in Appendix C, Eq. (83); l/£'ao(s) is the ao(980) 
resonance propagator. 

The integral cross section of the 77^ tt^t] reaction is 



0-(77 TT^T]) = (7(77 ao(980) n^^rj; s) 
-t-cr(77 ^ 02(1320) ^ 7r°?7; s). 



Here 



cr(77^ ao(980) -> ttO??; s) 

= 877 T^^^K+K-^-rr {s)^ao^7rri (s)/ l^'ao (s) P , 



is) 



167r 



(60) 



(61) 



(62) 



where /9,r?)(s) = y (1 " to+/s)(1 — m'^/s) and m± = mn± 
m„. The ao(980) resonance propagator is 

1 1 



where ab = Trr], K+R-, K^K°. At s>ml 



(63) 



K'ois) 



167r 



m+m_ 



ITS 



In^ 



I y s — fni_ + y s — m\ 

+p^ri{s) \i In , 1 

Js- mP_ - ys - m\ ^ 



(64) 



At s > 4to^+ 



PK+(s) = (l-4m|+/s)i/2. 



i-ilnl±^" 

TT 1-PK+{S)_ 

(65) 



22 



When < s < 4in'^+, then Pk+{s) i\PK+{s)\ and 



n 



is) 



■'aoK+K- 

167r 



\Pk+{s)\ 1 arctan|p^+(s)| 

L 

(66) 

n^''^°(s) results from H^^^ (s) by the substitution of 

K^{K^) for K+ {!<-). 

The ao ^ Jsr+-fC~ 77 decay width in Eq. (61) 



-7^ Ik+k-{s;x2) 

iOTT 



2 2 



(67) 

The dependence of the r(jj,^;4-+x-^77('S) width on is 
shown in Fig. 20(b) and the its average was calculated 
in the following way 



1.1 GcV 



0.8 GeV 



ao^K+K-^-Cy{S) rjr ^ l\/ S (is/ S 



M|5°™(.s, 9) and Mff'\s) by the substitution of K+ for 
7r+ in Eqs. (36), (37) and (39) - (41) 



j0^°™(s,6l) = 



4m 



K+ 



87ra 



.s 1 -p^+(s)cos2 6' ' 
PK+{s) = {l-^m%+/sY'\ (71) 



1 — (s) cos^ ^ 



87rap^+ (s) sin^ 9 



Pif + (s) 1 - PK+ (s) ' 



[s) = 47ra— 2— T-7— 



3-p^+(s) 



2pi<r+(s) 



X In 1+^^-3 
1 - Pk+ (s) 



(72) 



(73) 



(74) 



1.1 GeV 



- I 

0.8 GeV 



47r2 



<t(77 ao(980) ^ 7r°r?; s) d\/s. (68) 



Ml°"(s) = 47raJ| 



{i-pIAs))\ ^ i + pk+{s) 

2p%+{s) 1-Pk+{s) 



We put mao=0.98GeV, (;2^^+^_/(47r) = 1.5 GeV^ 

and us ed the naive q^q^ model relation 
gaoT^v ~ Qa^K+K- (Achasov and Shestakov, 
1988, 1992; Achasov and Kiselev, 2006, 2007a). 

For the 77 — > a2(1320) tt^t] cross section in Eq. 
(60) we used the parametrization from (Antreasyan et 
al., 1986) 

£7(77 02(1320) TT^r?; s) 



(69) 



and the current values of the 02(1320) resonance param- 
eters, which are adduced by PDG (Amsler et al., 2008). 

The energy dependence of the total width in Eq. (69) 
is approximated in the following way 



qLis) D2{q 



(70) 



where (j7rr)(.s) = \/sp7r,)(.s)/2, -D2(a;) = 9 + Sa;^ + a;* and 
=5.07 GeV-i (or 1 fm). 



C. 77 



KK 



The j^^K+K- Born amplitudes M^°"'{s,9) and 
Mfj^^{s) result from the 77^7r+7r~ Born amplitudes 



(75) 



At s > 4:m'^+ the triangle loop function Ij^+j^-^s) 

results from /,r+7r- (s) by the substitution of for 7r+ 
in Eq. (43) 



Ik+k-{s) = 8a ■ 



''K+ 



TT + i In 



1 + Pk+{s) 
1 - Pk+ (s) 



- 1 



(76) 



At < s < 4:mj^+ the analytic continuation results in 



Ik+k-{s) = 8a-\ — ^ [tt - 2arctan|px+(s)|]^ - 1 



The 

G{t,u) 



(77) 



''K+ 



+ 



(here t = — s[1 — pk+ (s) cos 9]/ 2 and u = m 



K+ 



(78) 

- pi^+ (s) cos ^?]/2) modifies the partial waves amplitudes. 
The substitution of for 7r+ in Eqs. (44) and (45) gives 
the auxiliary representation of M^j''"(s) 



Mfris) = [{I- pU{s))IPK^{s)]F^r{px^{s)), (79) 



Born / 



(80) 
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The modified partial wave amplitudes result from Eqs. 
(46) and (47) by the substitution of and X2 for 7r+ 
and xi. 



*o(s)=5'K+^-/[87r£>„„(s)] 



(91) 



Pk+ (s) 



F^r{pK^{s)) 



(81) 



Mfris; X2) = PK+ {s) F§ri.pK+ {s)) 



Ffr{pK+{s;x2)) 



(82) 



The triangle loop function Ik+k-{s)-i modified by the 
form factor, is replaced by 



oo 

Ik+k-{s\X2) = ^ j 



PKAs')M^o-is'-Mds'. (83) 



s'(s' — s — ie) 



4m 



K+ 



The S wave amplitudes of the 77 ^/sT+ZsT and 
77 — > K^K^ reactions in our model are 

Moo(77 ^ K+K-;s) = M§,°'^{s:x2) 
+4+7r- (s; xi)T^+„-^K+K- (s) + Ik+k- (s; X2) 

X Tk+k-^k+k- is) + M,t7f (s), (84) 

Moo(77^^°^°;s) 

= l7v+7v-{s;Xi)T^+„-^Kaxo{s) + Ik+K-{s;X2) 

X T^^K- -^KOK« (s) + Mf^i^^\s). (85) 
The corresponding cross sections are given by 

aoo(77 - K+K-) = ^^1M|Moo(77 - K+K-;s)f 

6/TTS 

(86) 

and 



aoo(77 - K°sK°s) = ^ ' ' "^'^ 



|Moo(77^i^"^';s)r, 



(8_7) 

P/fo(s) = (1 - 4m|.o/s)^/^. The amplitudes tttt^KK, 

Ttt+tt-^K+K- (s) ^^Tr+Tr-^ifOifoCs) =Tx+ R- ^Tr+rr- (s) , 

are defined by Eqs._(23) and (26). The K+R- K+R- 
and R+R- R°R° amplitudes are 

Tk+k-^k+k- is) = [tSj(s) + tUs)]/2, (88) 

Tk+k-^koko{s) = [4{s) - tl{s)]/2, (89) 

where tQ{s) is the 5* wave amplitude of the RR ^ RR 
reaction with the isospin / = 0, 1; 

i^is) = ^^^^^-\ ^-S^^^T-J<is), (90) 



8n[D^{s)Df„is)-nlJs)] ' ^^^^ 

where Ajjs) = Df„{s)g„K+ k- +'nfoa{s)gi„K+K- and 
Aa(s) = Da{s)gf^K+K- + ^fo<7{s)gaK+K- ■ The ampli- 
tudes of the direct resonance transitions into photons 



g^°77A/o(5)+ffg^^A^(s) ^ Ja^^^ga,K+K- ^gg^ 



i)<.(s)D/„(s)-n2^,(s) 



£'ao(s) 



where ^Iq-yt is the direct coupling constant of the ao(980) 
with 77. When estimating the S wave 77 — > R^R~ cross 
section, see the dotted curve in Fig. 21(c), the amplitudes 
of the direct resonance transitions into photons were dis- 
regarded. 
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